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Abstract
Campylobacter jejuni has long been recognized as a cause of bacterial food-borne 
illnesses, and today it is the most prevalent bacterial food-borne pathogen in the industrial 
world. Many bacteria have evolved mechanisms that enable them to survive in different 
environments. Oxidative stress remains an important challenge to bacteria. It results from 
the formation of highly reactive oxygen species as a result of incomplete reduction of 
oxygen during respiration and is also produced by the host immune system to remove or to 
kill invading pathogenic microorganisms. The reactive oxygen species formed can cause 
deleterious effects on bacteria as these can cause damage to proteins, nucleic acids and 
membranes. However, aerobic bacteria and microaerophilic bacteria {Campylobacter 
species) have developed several enzymes such as superoxide dismutase, to detoxify these 
very active compounds.
Manganese has recently been shown to protect some pathogenic bacteria against 
oxidative stress, most notably in Neisseria gonorrhoeae. Given this, the aim of this study 
was to investigate for the first time, the response of different strains of Cjejuni and 
Campylobacter coli to oxidative stress, and exposure to air, in the absence or presence of 
manganese. Growth was assessed at various concentrations of MnS0 4 , and under 
microaerobic conditions, concentrations of 100 pM and 250 pM enhanced growth slightly 
whereas 50 pM did not. At higher concentrations, 500 pM and ImM, manganese was 
bactericidal and its presence resulted in a decrease in viability of over 6-log cycles over the 
duration of various experiments. However, at concentrations of 100 pM and 250 pM , 
manganese had a marked effect on the survival of Campylobacters exposed to aerobic 
conditions and here its presence not only enhanced survival by 0.5-1 log-cycle depending 
on the strain being studied, but it also prolonged survival. For example, in the absence of 
added manganese counts of C. jejuni NCTC 11168 fell to undetectable levels in 110 hours 
whilst in its presence cells took over 140 hours to reach undetectable levels. The same
concentrations of manganese, also increased the resistance of Campylobacters to 
superoxide radicals and hydrogen peroxide when it was measured using a disc diffusion 
assay. This study has shown, for the first time that manganese influences the growth and 
survival of Campylobacters, particularly under aerobic conditions, and during oxidative 
stress.
Mn^^ transporters have been shown to play important roles in the growth and 
virulence of bacteria. For example, simultaneous mutation in both the ABC-permease and 
Nramp transporters of Salmonella enterica serovar Typhimurium has been shown to 
attenuate virulence in this well-studied pathogen..
To ascertain, whether manganese transport was necessary for its proective effect, the 
genome sequence of C. jejuni NCTC11168 was screened for the presence of putative 
manganese transporter. It was shown to possess CjOMlc possess, a gene encoding a 
putative permease protein for a MntB-like, ATP binding cassette transporter for 
manganese. A knock-out mutant, deficient in CjOMlc was generated by allelic exchange, 
and its survival in air was not shown to be enhanced by the presence of manganese, and it 
was more resistant to the higher concentrations of this metal, than the corresponding wild- 
type. Taken together, these results suggest a role of CjOMlc in manganese transport, and 
in facilitating its protective effect against oxidative stress in Campylobacters.
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CHAPTER ONE
General Introduction
1. General Introduction
1.1 History
Campylobacter bacteria are regarded globally as highly prevalent food-borne 
pathogens that cause diarrhoea in humans (Gaynor et al, 2005). The term Campylobacter 
comes from the two Greek words: campylo, which means curved and bacter meaning rod. 
Campylobacter species’ names have also been derived from different terms (Sebald and 
Veron, 1963). For instance, the name jejuni for C.jejuni was derived from the Latin word 
jejunum, which means intestine, from where it was originally isolated.
The very first incidence of Campylobacter enteritis may have been reported as long 
ago as 1880, when campylobacter-like organisms were observed in a stool from an infant 
having diarrhoeal disease. The observation was by a German bacteriologist, Escherich 
(Griffiths and Park, 1990). In the beginning of the 20th century, a microorganism with 
similar morphology to that observed by Escherich was termed Vibrio fetus and was 
suspected to be the causative agent for spontaneous abortion in bovine and ovine hosts 
(McFadyean and Stockman, 1913). However, it was later found that this organism was 
very different from Vibrio species, as it could not grow well under aerobic conditions, it 
had a spiral shape and it could not ferment glucose. To differentiate this microorganism 
from other vibrios, it was renamed Campylobacter (Catteau, 1995).
Two groups of microaerophilic vibros were identified by Elizabeth King in the 
1950s. While one of these fits the description of V.fetus as described by Smith and Taylor 
in 1919, the other, which were then named ‘related Vibros’, did not (King, 1957). These 
‘related vibros’ which had been retrieved from the blood of a diarrheal patient were 
observed to grow at 42°C unlike V. fetus. Subsequently, King systematically differentiated 
these Vibro isolates from previously known strains of V.fetus, V.jejuni and V.coli. (King, 
1962).
In 1963, Sebald and Veron intensively studied the taxonomy and classification of 
Vibrio-likQ bacteria and came up with four Campylobacter bacteria species, which 
included: Campylobacter fetus, C. coli, C. jejuni, and two sub-species: C. sputorum subsp. 
sputorum and, C  sputorum subsp. bubulus (Veron et al, 1973). Isolation of 
Campylobacter fi*om humans was not successful until 1972 (Dekeyser et al, 1972). The 
fastidious nature of Campylobacter, as well as overgrowth of competing coliforms are the 
major reasons why they could not be initially cultured from human faeces. By using a 
filtration method, which allowed small but highly motile bacteria to pass through a 0.65pm 
filter, Campylobacter culture from human faeces was made first made possible (Butzler et 
al, 1973; Dekeyser 1972)
In 1977, a simple selective medium was developed and this made the isolation of 
Campylobacters more straight-forward revealing for the first time, the true impact and 
threat connected to these organisms as foodbome pathogens (Skirrow, 1977). This 
selective medium, Skirrow’s medium, was a blood agar based medium containing three 
antibiotics (vancomycin, polymyxin and trimethoprim) (Skirrow, 1977). Once inoculated, 
the media plates were incubated under microaerobic conditions containing 5% (v/v) 
oxygen, 10% (v/v) carbon dioxide and 85% (v/v) nitrogen at 43°C. With its simplicity of 
use, Skirrow’s medium dramatically improved the process of Campylobacter isolation and 
its use helped in establishing the organism as a major causal agent of gastroenteritis 
globally.
Currently, there are eighteen known species of Campylobacter. Of these, only
C.jejuni and C.coli cause significant human gastrointestinal disease (Vandamme et al,
1995). The eighteen species of Campylobacter are illustrated in Table 1.1. C.jejuni is well-
known as the most common cause of human bacterial enteritis worldwide. In England and
Wales, approximately 47,030 cases were reported (Health Protection Agency Centre,
2007) in 2007. Additionally, C.coli is a significant cause of food-bome diseases, although,
3
it causes only 5% of the gastrointestinal infections attributed to Campylobacters, whereas 
C.jejuni causes 95% (Chan, 2000).
Species of 
Campylobacter
Host Diseases
C. jejuni Man and Sheep
Enteritis, systemic infection, perinatal 
disease, abortion
C. coli Man Enteritis
C. fetus Man, cattle and sheep
Meningitis, enteritis, systemic infection, 
perinatal disease abortion
C. hyointestinalis Man and pig Proctitis, enteritis
C. sputorum Man Isolated from abscess pathogenicity
C. lari Man Enteritis
C. upsaliensis Man, dog and cat Enteritis
C. concisus Man Associated with periodontal disease
C. curvus Man Alveolar abscess
C. showae Man
Isolated from the oral cavity.
pathogenicity unknown
C. gracilis Man Isolated from the oral cavity and visceral, head and neck infections
C. rectus Man Associated with periodontal disease
C. mucosalis Pig
Necrotic enteritis, intestinal 
adenomatosis
C. hyoilei Pig Proliferative enteritis
C. helveticus Man, cat and dog Pathogenicity unknown
C. insuleenigrae Seals, porpoises None at present
C. lanienae Cattle, pig, and human None at present
C. hominis Human
Gastroenteritis in the 
immunocompromised
Table 1.1: Species of Campylobacter, their host, and associated diseases (adapted from 
Penner, 1988; Vandamme et al. 1995).
1.2 General Microbiology of Campylobacter jejuni
C.jejuni is a member of the epsilon subgroup of the Proteobacteria. They need 
microaerophilic (5-10% oxygen) conditions to grow and multiply, conditions that are 
commonly found in the gastrointestinal tracts of animals. The size of C. jejuni varies from
0.2-0.9 pm in width to 0.5-5 pm in length (Figure 1.1). These bacteria move in a 
characteristic screw-like motion, which is generated by means of a polar flagellum (Konkel 
et al, 2001; Guerry, 2007). The inability of Campylobacters to oxidise and ferment 
carbohydrates may be explained by their relatively small genomic composition. They thus 
require a rich growth medium to thrive (Griffiths & Park, 1990). C. jejuni are 
chemoheterotrophic and the energy utilised by them is generated by both amino acid 
metabolism and that of tricarboxylic acid (TCA) cycle intermediaries (Kelly et al, 2001; 
Myers & Kelly, 2005).
In the laboratory, Campylobacters present as fragile organisms, because of their 
inability to grow and develop at temperatures lower than 30°C and at high temperatures, 
and their inherent sensitivity to many stresses. The D-value for C. jejuni at 55°C is 1 
minute, and the z-value is 5°C (Park et al, 1991) so they are more sensitive to heat than 
many other food-bome pathogens
Figure 1.1; Electron micrograph of C. jejuni NCTC 11168 showing the spiral shape and 
polar flagella, black bar ~ IpM (Gaynor et al, 2004).
Campylobacters often show dramatic changes in their morphology over time and 
particularly when exposed to stress, they transform into a coccoid form (Tangwatcharin et 
al, 2006). Absence of nutrients, low temperature, elevated hydrostatic pressure, drastic 
alteration in pH, rapid changes in osmolarity, as well as other environmental stress can 
trigger a cascade of changes that lead to such a transformation (Ng et al, 1985; Alonso et 
al, 2002; Tangwatcharin et al, 2006). Typically, during the exponential stage of 
Campylobacter growth, the cells are short and spiral, but the length doubles when the 
mid-stationary growth phase is attained (Griffiths, 1993). Prior to the formation of the 
coccoids, at the stationary growth phase, the cells further increases in length. It has also 
been shown to transform and generate blebs during the death phase of its metamorphosis 
(Thomas et al, 2002). Additionally, Campylobacters have also been reported to enter a 
viable but non-culturable state (VBNC) when subjected to stressful conditions (Cools et 
al, 2005).
Bacteria in VBNC state are not capable of growing in or on standard culture media.
The VBNC state is often triggered by exposure to harsh environments such as: extreme
temperature, nutrient deprivation, hyperosmolar conditions and elevated oxygen
concentration (Gauthier, 2000). When in this state, Campylobacters are thought to continue
to maintain several of its vital cellular functions like: respiration (Oliver & Bockian, 1995),
transcription (Lleo et al, 2000) and protein synthesis (Rahman et al, 1994). Xu et al.
(1982), were the first to propose the term VBNC, while describing the dormant state of
Vibrio cholerae and Escherichia coli in one of their studies (Xu et al, 1982). Since then,
the phenomenon has been described by several other researchers (Gauthier, 2000; Keer &
Birch, 2003; Oliver, 2005; Oliver et al, 2005) in many other bacteria. In some cases,
bacteria in VBNC state have been shown to resurrect when favourable conditions are
restored (Oliver, 2005). These resurrected bacteria have also been shown to be capable of
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causing infection and because VBNC bacteria cannot be detected by conventional plate 
counting, it is possible that they constitute a public health hazard (Lleo et al, 2001; Gupte 
et al, 2003; Senoh et al, 2010; Pinto et al, 2011).
Campylobacter species are also unable to reproduce outside the animal or human 
host and are highly susceptible to various environmental conditions unlike other food- 
home bacterial pathogens (Table 1.2). In addition, they are sensitive to drying, surviving 
very poorly at room temperature under dry conditions. However, they can survive for 
several weeks at appropriate humidity levels, and at a temperature of 4°C (Doyle and 
Roman, 1982b). The optimum pH for growth of these bacteria is between pH 6.5 and 7.5 
(Blaser et al, 1980a; Doyle and Roman, 1981). They are also intolerant of large changes 
in the osmolarity of their environment and are unable to grow at concentrations of 2% 
NaCl or above (Doyle and Roman, 1982a), presumably because they lack many of the 
osmoregulatory systems seen in other bacteria (Park, 2001).
Microorganisms Growth Temp °C
Min
pH
Min aw D-value at 
55 °C
O2 Cone.
Campylobacter
jejuni
30-45 4.9 (1987 1.0 5-I0%o
Listeria
monocytogenes
0-45 4.4 0.92 4.5 Facultative
Escherichia coli 7-46 4.4 0.95 5.5 Facultative
Salmonella
Typhimurium 5.2-46 3.8 0.93 4.7
Facultative
Staphylococcus
aureus
7-48 4 0.83 3 Facultative
Table 1.2: Environmental sensitivity of Campylobacter jejuni compared with other 
pathogenie bacteria. Data is taken from International commission on microbiological 
specification for foods 1996 (Park, 2001).
1.3 Taxonomy
The genus Campylobacter was named by Sebald and Véron (1963) and was initially 
suggested to comprise the species: Campylobacter fetus and Campylobacter bubulus.
Today, however the group is known to be far more taxonomically diverse and this is 
matched by the diverse habitats in which the species may be found, and by the wide range 
of diseases that are associated with them. The taxonomy of Campylobacters has changed 
extensively since the inception of the genus (On, 2001). The genus is now classified into 
18 species and six sub-species (Penner, 1988; Vandamme et al, 1995). As shown in Table 
1.1. Fourteen Campylobacter species were named by Debruyne et al, in 2005. However, 
Fernandez et al, later described 20 species of the genus (Debruyne et al, 2005; Fernandez 
et al, 2008). Campylobacter jejuni subsp. jejuni^ C. jejuni subsp. doyley, Campylobacter 
coli, Campylobacter lari, Campylobacter upsaliensis and Campylobacter helveticus are 
genetically similar and they are the most commonly isolated strains (except Cjejuni subsp. 
doyleyi) in cases of human and animal diarrhoea (On, 2001). The members of the 
Campylobacteraceae family, as well as associated disease conditions are described in Table
1.3 below. The different methods used for differentiating the species (biochemical and 
phenotypic) are presented in Table 1.4.
In practice, phenotypic characterization of Campylobacter isolates is difficult and 
time consuming. This is because of the fastidious nature of the bacteria and their reduced 
biochemical activity (Moore & Madden, 2003), and consequently in laboratories where 
large numbers of isolates are processed, strains are only rarely identified to the species 
level. Taxonomic classification can however still be achieved by several other more 
modem genotypic methods, (On, 1996)
Taxon Human Disease Association
A
C. jejuni subsp. Jejuni Enteritis, systemic illness, GBS
C. jejuni subsp. Doyleyi Enteritis, systemic illness, GBS
C. coli Enteritis
C. lari Enteritis
C. upsaliensis Rare bacteraemia, enteritis
C. insulaenigrae Enteritis, septicaemia
C. helveticus Not known
B
C. concisus Peridontal disease, rare enteritis
C. curvus Peridontal disease, enteritis
C. rectus Peridontal disease
C. showae Peridontal disease
C. gracilis Peridontal disease
C. hominis Not known
C. sputorum bv. Sputorum Peridontal disease
C. sputorum bv. Faecal is Peridontal disease
C. sputorum bv. paraureolyticus Peridontal disease
[Bacteroides] ureolyticus Bacteraemia
C
C. fetus subsp. Fetus Systemic illness, bacteraemia
C. fetus subsp. Venerealis Systemic illness, bacteraemia
C. hyointestinalis subsp 
hyointestinalis Rare, enteritis
C. hyointestinalis subsp. lawsonii Rare, enteritis
C. mucosalis Rare, enteritis
C. lanienae Not known
D A. cryaerophilus Bacteraemia
A. butzleri Bacteraemia, enteritis
A. skirowii Not known
A. nitrofigilis Not known
A. cibarius Not known
Sulfurospirillum spp. Not known
Table 1.3. The present members of the family Campylobacteraceae (Taken from Engberg, 
2006).
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Several studies have been done to analyse the sequence of Campylobacter rRNA genes. 
Campylobacters belong to the rRNA superfamily VI. They differ from the other members of 
the family such as, Vibrionaceae, because of the composition of their nucleotides bases 
(mol% G+C) and their inability to utilise sugars. Their rRNA gene sequences are long 
(~1500 bp), and have been extensively used for bacterial species identification and 
detection using PGR and DNA comparisons (Van Camp et al, 1993; Harrington & On, 
1999; Gorkiewicz et al, 2003). Moreover, the gradual change in the taxonomy of the group 
can be attributed to advances in microbiological techniques and DNA applications.
1.4 Genetics
Members of the genus Campylobacter have comparatively small genomes, which 
reflect their small size and limited nutritional and adaptive properties (Trust et al, 1994). 
Prior to the advent of complete genome sequencing, the genomes of C.jejuni and C.coli were 
predicted to be approximately 1.7 megabases (mbp) long and were thought to exist as single 
circular DNA molecules with a G+C content of about 30 mol %. The very first complete 
genome sequence for Cjejuni was published by Parkhill et al, (2000), but since then, more 
genome sequences have been gathered for various strains of C jejuni as well as other species 
(Fonts et al, 2005).
The genome sequence of Cjejuni NCTC11168 is 1,641,481 base pairs (bp) in length.
At least 20 of its 1,654 predicted coding sequences (CDS) probably encode for pseudogenes
and 94% of the genome codes for proteins, which, then, made it the densest bacterial genome
sequenced to date (Parkhill et al, 2000). This genome has recently been re-annotated with
the number of coding sequences being reduced from 1654 to 1643 (Gundogdu et al, 2007).
The genome possesses no transposons, phage remnants, or insertion sequence elements and
there are very few long repeat sequences. In addition, there seems to be minimal organisation
of genes into opérons or clusters, but, there are also a few exceptions. These exceptions
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include the genes for ribosomal RNA, lipopolysaccharide (LOS) synthesis, flagella 
modification, as well as extracellular polysaccharide (EP) biosynthesis (Gundogdu et al, 
2007; Parkhill et al, 2000).
In many, if not all bacteria, the initiation of transcription by sigma factors is a key step 
in mediating global changes in gene expression in response to stress. There are only 3 sigma 
factors in the genome sequence of C.jejuni NCTC11168, compared to Escherichia coli. 
Bacillus subtilis and Streptomyces coelicolor, which have 7, 14 and 65 sigma factors, 
respectively (Wosten et al, 1998; Parkhill et al, 2000; Helmann, 2002). In addition to this, 
very few two-component transcriptional regulators have been predicted from the genome. 
Because of this, C.jejuni is considered to have a reduced capacity for sensing environmental 
parameters and adjusting gene expression accordingly, as compared to other kinds of 
bacteria. This characteristic is also consistent with its fastidious nature and its general 
environmental sensitivity (Park, 2002).
Campylobacter species are reported to have different metabolic capabilities, with 
some strains growing under both aerobic and anaerobic conditions (Carlone and Lascelles, 
1981; Smibert, 1984). However, Fonts et a l (2005) found that certain species have very 
similar metabolic profiles based upon a comparison of the complete genome sequences of 
C.jejuni RM1221, C.coli RM2228, C.lari RM2100 and C.upsaliensis RM3195, with the main 
variation being the presence of complete or partial tricarboxylic acid cycles. The tricarboxylic 
acid cycle in C.jejuni RM1221 appears to be intact and most likely serves a double role, 
generating biosynthetic compounds and providing intermediates that feed into electron 
transport. Other species, however, appear to be lacking in succinate dehydrogenase. 
Furthermore, all four sequenced strains have pathways for the metabolism and biosynthesis 
of a number of amino acids. Acetate, formate and lactate appear to be the main end products 
of carbon metabolism. For C.jejuni NCTC11168, the inability to utilise carbohydrates and
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sugar is believed to be a manifestation of the lack of phosphofructokinase, which is necessary 
for glycolysis (Parkhill et al, 2000; Velayudhan and Kelly, 2002). However, C.jejuni 
RM1221 has been reported to respire in the presence of fructose and mannose (Fonts et al, 
2005). This apparent conflict may reflect the circumstances under which the substrates were 
tested or the strain specific genome content.
C.jejuni has been known to develop and multiply at the expense of amino acids in vitro 
and has been shown to utilise serine, aspartate, glutamate, and proline (Leach et al, 1997). 
Consistent with these findings, the complete genome sequence of C.jejuni NCTC 11168 has 
revealed the existence of a number of homologues of amino acid-catabolising enzymes 
(Parkhill et al, 2000). L-serine is preferentially utilised compared to other amino acids 
(Leach et al, 1997), and catabolism of L-serine to pyruvate and ammonia is carried out by a 
serine dehydratase encoded by sdaA (Velayudhan et al, 2004). In the same research work, it 
was shown that an active SdaA is essential for the colonisation and invasion of the avian gut 
by C.jejuni and this implies that the catabolism of L-serine is crucially important for the 
growth of this bacterium in vivo.
1.5 Prevalence and transmission of Campylobacteriosis
Campylobacteriosis, is a gastrointestinal illness, which is mainly a food-home
infection, and is caused by C. jejuni and to a lesser extent C.coli (Butzler, 2004).
Campylobacteriosis is also the leading form of acute bacterial diarrhoea, common in children
and young adults, in developed countries (Louis et al, 2005; Ethelberg et al, 2006).
Outbreaks of the disease are uncommon, with only sporadic cases reported. In the UK, even
though the tme number of cases is unknown, 55,484 laboratory-confirmed cases were
recorded in 2008. This figure is estimated to be eight-times lower than that which occurs in
the community, because of under-reporting (Health Protection Agency, 2007). In 2009, the
European Food Safety Authority (EFSA) reported that campylobacteriosis was the leading
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cause of zoonotic disease, with 190,566 reported cases in humans in the European Union 
(EFSA, 2010). In the United States, more than 2 million sporadic cases of Campylobacter 
infection occur annually (NJDHSS, 2004). Transmission of the infection from one person to 
another appears to be uncommon (Robinson, 1981; Black et al, 1988). Overall, the incidence 
of infection is reported to be strongly seasonal, with an increase in infection occurring during 
summer months in temperate regions. The increase in the rate of infection has been shown to 
correlate with increased sunlight and temperature and consequently is linked to increased use 
of barbeques, farming activity, and the presence of more flies (Tauxe, 2001; Louis et al,
2005). Interestingly, Louis et al. in 2005 showed a seasonal rise in Campylobacter infection 
starting at the beginning of May, with the highest rate of infection occurring between mid- 
June and mid-July in England and Wales (Louis et al, 2005).
In contrast, to the profile that is seen in developed countries, Campylobacter infection 
in developing countries is reported to be high in children less than a year old and much less 
common in adults (Sahin et al, 2002). This finding can be rationalised in light of the fact that 
first exposure to the bacteria occurs at an early age due to the lack of hygiene measures such 
as, close human contact with animals, as well as inadequate water treatment (Tauxe, 2001; 
Gasana et al, 2002). The lack of reported cases amongst adults can be assumed to be due to 
their developed immunity to the infection (Calva et al, 1988; Taylor et al, 1988). Reported 
cases in Thailand, Mexico and Peru, show that the incidence rate for children below 5 years 
of age is estimated to be 40,000 to 60,000 cases per 100,000 populations (Calva et al, 1988; 
Taylor et al. 1988; Oberhelman & Taylor, 2000). In Southeast Asia, Campylobacter cases are 
reported to account for 2.9% to 15% of bacterial enteritis in children less than 5 years 
(Padungton & Kaneene, 2003).
Infection is mainly through the consumption of contaminated food with that of animal origin, 
particularly poultry, playing a very significant role (Butzler, 2004). Sporadic cases and small
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family outbreaks are connected with the consumption of raw or poorly cooked poultry. 
Moreover, the cross contamination of food is also a significant source of infection, because 
Campylobacters have been found to contaminate several areas within domestic kitchens 
following the preparation of raw chicken (Skirrow, 1994; Cogan et al, 1999). Friedman and 
other researchers (2000) have observed a strong connection between Campylobacter infection 
and the handling, preparation, cooking and eating of raw poultry. In the large scale 
commercial preparation of chicken, Bashor and his co-workers (2004) reported that, there are 
many other factors including the uses of washer systems and the chill tanks that promote 
Campylobacter contamination of broiler carcasses, making it almost inevitable.
The species responsible for the majority of infections are Campylobacter jejuni and C. 
coli. Indeed, surveys have demonstrated that 30-100% of avian animals harbour 
Campylobacter jejuni as part of their normal gut flora (O’Sullivan et al, 2000). C. jejuni is 
reported to be responsible for 80-85% of all campylobacteriosis; whereas C. coli accounts for 
10-15% of infections (Moore et al, 2005). Other species linked to campylobacteriosis 
include: C. lari, C. upsaliensis and C. fetus', however, in light of the fact of the lack of 
specific diagnostic capacities for these particular species, their impact might be under 
reported (Lastovica, 2006). Other species that have been studied and reported to cause 
human gastroenteritis, include: C. concisus, C. hyointestinalis, C. upsaliensis, C. gracilis and 
C. curvus (Lindblom et al, 1995; Lastovica & le Roux, 2001; Labarca et al, 2002; Maher et 
al, 2003; Boyanova et al, 2004) but again because surveillance laboratories are set up to 
specifically isolate C. jejuni and C. coli, and not other Campylobacters, the true impact of 
these species remains unknown. Several studies have also linked Campylobacter species to 
other non-gastrointestinal illnesses such as: joint and organ infections, cardiac problems 
(Ahmar et al, 2008; Hull & Varma, 2011) and meningitis (Herve et al, 2004).
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Poultry, in particular chicken, is reported to be the main reservoir for Campylobacters, 
and there is a strong correlation between handling poultry meat and infection amongst 
humans (Pearson et ah, 1993; Bemdtson et al, 1996). Another known mode of transmission 
associated with C. jejuni infection is the consumption of unpasteurised milk (Tauxe, 1992; 
Shane, 2000). C jejuni is also believed to be present in milk, probably from faecal 
contamination during milking or following an udder infection (Hutchinson et al, 1985; Orr et 
al, 1995). Similarly, untreated or contaminated water, in which C. jejuni can survive in for 
extended periods, is also a source of infection (Tauxe, 1992; Shane, 2000; Peterson, 2003; 
Jakopanec et al, 2008; Karagiannis et al, 2010). In connection with the consumption of 
untreated water, the first known and documented case of water-borne campylobacteriosis 
affected approximately 2,900 persons in Bennington, Vermont. This happened when the 
town’s water system became contaminated with water from an unfiltered source (Vogt et al. 
1982) leading to residents developing C. jejuni enteritis. Several other outbreaks of C. jejuni 
infection due to water-borne disease have also been reported by the Centre for Disease 
Control (CDC). In addition, between 1978 and 1986, 57 reported cases were associated with 
consumption of untreated contaminated surface water and/or inadequately chlorinated water 
(Nachamkin et al. 1992). Beyond the USA, Richardson and others (2007) discovered that an 
outbreak of C. jejuni infection in South Wales Valleys in 2007 was because of contamination 
of surface water from nearby pasture land. Finally, Furtado and others (1998) also reported 
that that some cases of campylobacteriosis were linked with exposure to swimming pool 
water.
Other foods: red meat products (Tauxe, 1992; Blaser, 1997; Shane, 2000; Black et al, 
2006; Inns 2010), salad greens, fruit and sea foods have also been suggested as sources of 
Campylobacter infection, but these only account for a low incidence of infection and are 
thought to represent a much lower risk (Stem, 1992; LTD, 2000). The perinatal transmission
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of Campylobacters in humans is rare, but it is thought to be possible during passage through 
the birth canal (Farrell & Harris, 1992). Direct transmission can also occur, but usually only 
following high levels of occupational exposure, particularly amongst farmers, butchers, and 
poultry processors (Bemdtson et al., 1996; Alios, 2001). In this context, it has been reported 
that poultry abattoir workers develop antibody responses during the course of their 
employment. Furthermore, new workers are reported to develop clinical signs of typical 
campylobacteriosis; whereas long term workers may shed C. jejuni asymptomatically 
(Cawthraw et al, 2000). Foreign travel to developing countries with inadequate water 
treatment also has to be taken into account and this route can represent 3-50% of all cases 
(Butzler, 2004).
1.6. Clinical Aspects, Diagnosis and Treatment of Campylobacter enteritis
The clinical manifestations of Campylobacter enteritis are very similar to other 
bacterial intestinal infections and thus, Campylobacter enteritis infection can only be 
confirmed by the detection of Campylobacters in faeces or stools. The chief signs and 
symptoms associated with the disease are: acute and sometimes bloody diarrhoea, fever, 
nausea, as well as abdominal cramps and abdominal pain. According to Kelly (2001), 
children less than 2 years old are more predisposed to C. jejuni infection and they also have a 
significantly higher risk of mortality. The disease is much less common in older children and 
adults.
The most common complication associated with gastroenteritis caused by
Campylobacters, is Guillain-Barre syndrome (GBS), a syndrome that causes neuromuscular
paralysis. Similarly, GBS is the most serious complication associated with the infection
(McCarthy & Giesecke, 2001). Although there are other triggers for it, between 30 and 40%
of GBS cases are caused by a prior C. jejuni infection (Parkin et al, 2000; Godschalk et al,
2006; Tam et al, 2006). GBS is an autoimmune disease of the peripheral nervous system. It
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is usually triggered by an acute infection, and Campylobacters are believed to be one of the 
triggers for the production of cross-reactive antibodies to neuronal gangliosides, with 
consequent damage to the peripheral nerves. The symptoms of GBS include: paralysis 
manifested as weakness of the legs, which can migrate to the upper limbs and subsequently to 
the face. There may also be a total loss of the tendon reflexes (Parkin et al, 2000). Whilst the 
primary infection tends to be self-limiting, the greatest health burden of Campylobacter 
disease arises from its complications, especially GBS. The disease burden interms of 
economic and puplic health is reported to be similar to those of other bacterial infections, 
such as: meningitis, sexually transmitted infections and tuberculosis (Batz et al, 2011; 
Havelaar et al, 2012).
Konkel et al. (2001) stated that the incubation period for Campylobacter enteritis is 
commonly 2-7 days and that the infective dose of C.jejuni, as compared to other 
microorganisms that also cause enteritis, is relatively low. Based on an experiment carried 
out by Black et al. (1988), a dose of 500 colony forming units of C.jejuni was found to be 
sufficient to cause infection in humans.
Generally, medical intervention for gastroenteritis caused by Campylobacters is not 
needed, because the infection tends to be self-limiting. However, antibiotics such as 
erythromycin and fluoroquinolone may be given in severe cases to lower the period of 
infection, as well as to eradicate the causative microorganism from the infected 
gastrointestinal tract. In addition, drinking lots of water and other fluids is highly 
recommended.
1.7 Pathogenesis of Campylobacter jejuni
The understanding of the mechanisms behind the pathogenesis of C.jejuni infection has 
been increasing since the completion of the first C. jejuni genome project (Parkhill et al,
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2000). The molecular basis of the organism’s virulence and the reason for its persistence in 
the environment, as well as its survival in the acidic environment of the stomach is also 
becoming clearer (Snelling et al, 2005). Before C. jejuni can cause disease, it must survive 
the physiological stressors present in its external and internal environments. Such factors 
include: fluctuation in temperature, changes in acidity, the host’ immune response, deficiency 
of nutrients and oxidative stress (Park, 2002; Snelling et al, 2005).
Much research has focused on the pathogenesis of the infection caused by C jejuni and 
its virulence factors. The gastrointestinal tract infection caused by the organism is based 
primarily on a complex interaction between it and the human’s or animal’s tissues. In general, 
pathogens are characterised by specific mechanisms that interact with and counteract the 
defence mechanisms or the immune system of the host. These interactions involve adhesion, 
invasion and motility.
1.8 Motility and Chemotaxis
The ability of Cjejuni to move has a very important role in allowing it to colonise the 
host as well as in disease development. Cjejuni gets its ability for movement fi*om two 
factors, its flagella and chemotaxis. The flagella are strongly immunogenic, and they can also 
act as adhesins which facilitate the adherence and invasion of the bacteria (Newell et al, 
1985a; Guerry et al, 2000a). Depending on the viscosity of the solutions that they are in, 
Campylobacters utilise different methods of motility. Their rate of movement is usually rapid 
in very viscous media, such as mucus (Szymanski et al, 1995; Guerry et al, 2000a) where 
their motility is believed to be facilitated by their corkscrew shape and also enhanced by the 
presence of polar flagella (Ferrero & Lee, 1988). In addition, some C. jejuni serogroups of 
the Lior serotyping scheme (Lior et al, 1982) have heat labile serodeterminant flagella 
(Wenman et al, 1985; Aim et al, 1991).
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The flagella have three main parts: the basal body, the hook, and the filament. The 
filament of C.jejuni is similar to that of C.coli. In both, the flagella consist of two proteins, 
FlaA and FlaB. FlaA is more highly expressed than FlaB. The antigenic variability of the 
filaments of the C. jejuni strains allows for the use of fiagellin in the Lior typing scheme. 
There is also variability in the genetic sequence of the flagellar hook protein, FlgE (Luneberg 
et al, 1998). Both FlaA and B are approximately 60 kDa in size. After translation, they are 
modified in an 0-linked glycosylation process, a process responsible for their antigenic 
variation (Constantinidou al, 1997; Guerry, 1997; Szymanski et al, 1999). Both fiagellin 
proteins are mostly glycosylated with pseudaminic acid, which is a 9-carbon sialic acid-like 
sugar (Goon et al, 2003). This modification ensures that C. jejuni are able to adhere to their 
host cells (Newell et al, 1985a; Karlyshev et al, 2004).
The sigma factors, o28 and a54 are regulators of the FlaA and B genes, respectively 
(Penn, 2001). The o54, which is a growth phase dependent sigma factor, is subject to 
regulation by environmental factors, suggesting that. C. jejuni are capable of modifying 
fiagellin expression in response to their environment (Aim et al, 1993).
Chemotaxis is the motility of the microorganism as influenced by chemical stimulation. 
With the aid of signal transduction systems, bacteria such as C.jejuni are able to sense 
modifications in the environment, such as the concentration of carbon and, depending on 
the nature of the stimulus, the bacteria will either move towards or away from the source 
using flagella mediated motility. Chemotactic motility is required for the pathogenesis of C. 
jejuni, as well as its survival. The role of chemotaxis in pathogenesis has been demonstrated 
by in vivo (Takata et al, 1992; Hendrixson & DiRita, 2004) and in vitro (de Melo & Pechere, 
1990) studies, evaluating the phenotypic changes in non-chemotactic mutants. Chemotactic 
mutants generally failed to colonise the intestines of mouse models (Takata et al, 1992). The 
functional chemotaxis regulatory protein CheY, plays an important role in chemotaxis in
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several bacteria. Mutation of the corresponding gene in C. jejuni causes increased adherence 
to, and invasion of human epithelial cells in vitro. However, the mutated bacteria were unable 
to colonise or cause disease in the ferret model (Yao et al, 1997). In addition, CheY has also 
been shown to play a role in C.jejuni flagellar motor switching (Marchant et al, 2002).
At the heart of C.jejuni chemotaxis is the phosphorylation signal transduction pathway, 
which involves chemoreceptor (MCP) mediated recognition of the chemical stimulus. The 
chemoreceptor stimulation results in the ATP based phosphorylation of a histidine protein 
kinase (CheA).This ultimately leads to the phosphorylation of CheY, which is a response 
regulator. CheY is able to interact with the flagella, and is then able to alter its pattern of 
rotation or to make it stop all forms of movement (Armitage, 1999; Baker et al, 2006). This 
cascade is usually terminated by CheZ, a phosphatase, which ensures CheY 
dephosphorylation and turns its response off (Marchant et al, 2002). Thus far, no homologue 
of CheZ has been identified in any of the genome projects, for strains 11168, RM1221 and 
81-176 C.jejuni (Parkhill et al, 2000; Fonts et al, 2005; Hofreuter et al, 2006). When the 
response has finished, the MCP is “reset”, by the methyltransferase (CheR), to a non­
signalling mode (Baker et al, 2006). Kanungpean et al. (2011) have similarly described the 
role of CheR in the chemosensoiy response of C.jejuni (Kanungpean et al, 2011).
According to a study by Takata et al. (1992), compared with wild type C.jejuni, 
mutants that were C.jejuni deficient in chemotaxis did not successfully colonise mice when 
infected orally. Thus, chemotaxis appears to be vital in directing C.jejuni toward certain 
places in the infected intestinal tract and this is a prerequisite for infection.
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1.9 Adhesion and Invasion
1.9.1 Adhesion
An adhes, as the word itself implies, is a bacterial cell-surface molecule that helps any 
bacterium and also C.jejuni to attach or adhere to the host cell receptors (Konkel et al, 2001). 
Proposed adhesins include flagella, outer membrane proteins (OMPs), as well as 
lipopolysaccharides (Grant et al, 1993; Asakura et al, 2007). The role of flagella has been 
studied by Aim and Grant (1993), who suggested that the flagella play a vital role in the 
attachment of Campylobacters to the epithelial cells of the intestine. They are also believed to 
be important in C.jejuni internalisation and colonisation. The role of flagella in 
Campylobacter pathogenesis was assessed by constructing mutants in the flagellar genes 
(flaA and flaB). The ability of these mutants, to invade and adhere to human intestinal cells, 
was examined. When mutants deficient in FlaA were generated, the study showed that the 
mutants were able to give similar adhesion capacity compared to the parent strain, but were 
however unable to penetrate or at least cross the cell barrier of epithelial cells (Grant et al, 
1993).
C. jejuni has been demonstrated to be able to adhere to and invade human and animal 
model intestinal epithelial cells in vivo as well as in vitro. However, the molecular 
mechanisms involved, remain to be fully understood (Konkel & Joens, 1989 de Melo & 
Pechere, 1990; Everest et al, 1992; Hickey et al, 1999; Biswas et al, 2000; Kopecko et al, 
2001 Yhxetal, 2006)
PEB proteins, a type of outer membrane protein, are other virulence factors that help in
the adhesion of C jejuni to host intestinal epithelial cells. A study done by Pei and co-workers
(1991) identified four major antigenic proteins from C.jejuni strain 81-176, that were
significant in bacterial adhesion to epithelial intestinal cells. These were later named, PEBl -
PEB4. The same study found that the PEBl protein, which is one of the OMPs, is an
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adhesion that is similar to substrate binding proteins utilised by amino acid transport systems 
in other Gram-negative bacteria. A strain deficient in the PEBl protein adhered to intestinal 
epithelial cells a 100-fold less efficiently than the wild type, and invasion was lowered by 15- 
fold (Pei g /aL  1993).
In a study conducted by Blaser et al. (1983), PEB4 which is also known as Cj0596, and 
previously recognised as an immunogenic outer membrane protein, was found to be a cell 
binding factor 2 (cbf2). A later study confirmed that the PEB4 protein is found in the 
periplasmic space and is linked to the inner membrane (Dubreuil et ah, 1990). The PEB4 
protein shares homology with a peptidyl-prolyl cis-trans isomerise (PPlase) in E. coli, which 
is identified as SurA, a significant periplasmic virulence factor in many other types of 
bacteria. A Cj0596 mutant was created in C.jejuni strains NCTC 11168 and 81-176 to analyse 
the impact of this periplasmic protein on adherence to 1NT407 cells and on phenotypic 
alteration of outer membrane proteins (Asakura et al, 2007). In both cases, the mutants had a 
decreased ability to colonise a mouse model.
Another OMP is the CadF, which is a surface-exposed outer membrane protein that 
binds to fibronectin. Fibronectin promotes adherence amongst mammalian cells (Konkel et 
al, 1997). The role of CadF in bacterial adhesion was demonstrated by the inability of a 
mutant variant of C.jejuni to colonise any of 60 hatched chicks, whilst a parental strain of the 
bacterium was able to readily colonise the caecum of newly hatched chicks (Ziprin et al, 
1999). Adherence of the Campylobacters to the epithelial cells is also facilitated by the JlpA 
protein, which contains a signal peptide and lipoprotein processing site at the N-terminus (Jin 
et al, 2001). More recently, more potential adhesins have been identified. CapA is an 
autotransporter protein, the inactivation of which leads to a loss of adhesion to Caco-2 cells 
and a reduction in colonization of chickens (Ashgar, et al, 2007) Another C. jejuni protein
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harbouring a fibronectin domain, FlpA, has been shown to play an important role in the 
adhesion of C.jejuni to chicken epithelial cells (Flanagan,e^ al, 2009).
Other factors that aid bacterial adhesion and consequently invasion include motility and 
other Campylobacter surface structures such as: the lipo-oligosaccharide (LOS), capsular 
polysaccharide (CPS) and glycoproteins (Hu & Kopecko, 2000; Bacon et al, 2001; 
Karlyshev et al, 2004). Indeed, an O-linked glycan present on an outer membrane protein has 
recently been shown to mediate Campylobacter adhesion to human histo-blood group 
antigens (Mahdavi et al, 2014).
1.9.2 Invasion
The pathogenesis of C. jejuni is also thought to involve its translocation across 
intestinal cells. The ability of Campylobacters to penetrate and pass through the intestinal 
epithelial barrier by the transcellular process has been studied in detail by Hu et al, 2008. 
During transcytosis, the invading bacterium may be able to alter the Campylobacter- 
endosome membrane and allowing it to fuse with host plasma membrane and eventually 
trigger basolateral exocytosis (Hu et al, 2008). The ability of Campylobacters to invade host 
cells may also be strain dependent since a study showed that 86% of Campylobacter isolates 
from individuals with coliti were able to translocate across polarized Caco-2 cells only 48% 
isolates from individuals with non-inflammatory disease (Everest et al, 1992)
C. jejuni has also been demonstrated to be able to translocate across monolayers of 
intestinal cells cultured in vitro (Bras & Ketley, 1999; Everest et al, 1992; Konkel et al, 
1992). Polymerisation of the cytoskeleton of the host, for instance the microfilaments and 
microtubules, is also important for the internalisation of Campylobacter, as is the ability of 
these bacteria to manipulate host cell signal transduction pathways (Biswas et al, 2000; 
Biswas et al, 2003).
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During invasion, C  jejuni secretes a group of proteins called the Cia proteins 
(Campylobacter invasion antigens). CiaB is a 73kDa protein and has been shown to be 
translocated into the host cell cytoplasm following studies in vitro, on cultured epithelial 
cells. A ciaB mutant is unable to secrete any Cia proteins, and the mutant consequently, 
demonstrates decreased invasion into epithelial cells by a factor of 50-fold (Konkel et al, 
1999). Since C. jejuni lacks the true type III secretion systems that are seen in many other 
Gram-negative pathogens, research has been focussed on alternative secretion pathways for 
virulence factors. In this context, it has been shown that Cia proteins use the flagellar export 
apparatus for their secretion, which secretes these as well as exporting flagella building 
blocks (Konkel et al, 2004). The secretory role of this system has been further studied by 
Song et al, in 2004 who demonstrated that the Campylobacter flagella export apparatus also 
secretes FlaC, which is also thought to be important in invasion (Song et al, 2004). Other 
specific flagella proteins have also be shown to be involved in Cia secretion as mutation flgB, 
flgC  or and flgE which encode components of the basal body and hook, results in the 
complete loss of Cia secretion (Konkel et al, 2004). In addition, mutation of the export 
system (FlhB, FlgB, FlgC and FlgE2), filament structure components (FliD, FlaA, FlaB) and 
filament synthesis proteins (FliA also caused a decreased in invasion, thus further confirming 
the role of the flagella system in virulence (Konkel et al, 2004).
1.10 Bile Resistance
Bile is a powerful and natural bactericidal detergent, and one that is present in the 
intestinal tracts of both animals and humans. As it is powerfully bactericidal it is important 
that enteric pathogens have systems that act to provide resistance to this detergent, and which 
in doing so, enable them to survive in the host’s intestinal tract. In the absence of any such 
system, cells will be rapidly killed by the action of bile salts on the lipid bilayer of the 
bacterial membrane (Gunn, 2000). In C. jejuni, CmeABC has been shown to be an efflux
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pump for bile and which consequently, has been shown to play a key role in the resistance of 
C. jejuni to bile (Lin et al, 2003). Loss of CmeABC function has been shown to dramatically 
decrease the resistance of Campylobacter to bile salts, and whilst the wild type strain was 
able to grow in the presence of 2 mM cholate, a mutant deficient in CmeABC could not (Lin 
et al, 2003). In addition, in a chicken colonisation study, the wild type strain was shown to 
colonize the birds after 2 days of inoculation when it reached a cell density of 10  ^ cfu/g 
faeces, whilst a cmeABC mutant failed to colonize the chickens throughout the duration of the 
study confirming that resistance to bile is a key virulence factor for C. jejuni (Lin et al,
2003).
1.11 Toxins
When researchers first began to investigate the biology of Campylobacters, many 
studies reported that it was able to produce a variety of toxins, including enterotoxins, 
cholera-like toxins and cytotoxins (Pickett, 2000; Pancorbo et al, 2001). However, only one 
of the many proposed toxins, that is, the cytolethal distending toxins (CDT) (Johnson & Lior, 
1988; Pickett & Whitehouse, 1999) has been confirmed by whole genome sequencing 
(Parkhill et al, 2000). To date, as a consequence of this, the cytolethal distending toxin 
(CDT) is the best characterised cytotoxin in C. jejuni and the only one whose activity has 
been confirmed (AbuOun et al, 2005). CDT is a heat-labile toxin that causes its target cells 
to arrest in the G2/M transition phase of the cell cycle (Hickey et al, 2000; Lara-Tejero & 
Galan, 2001). The CDT protein complex is encoded by three conserved genes, namely cdtA, 
cdtB and cdtC (AbuOun et al, 2005). cdtB encodes the toxic component whereas components 
CdtA and CdtC are both thought to be involved in binding and internalisation of the toxin 
(Lara-Tejero & Galan, 2001). When it is internalised by cells, CdtB functions as a nuclease 
that damages the DNA, and through this mechanisms it causes cell cycle arrest (Lara-Tejero 
& Galan, 2000).
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Whilst the mode of CDT action and its structure have been very well characterized, its 
role in virulence remains uncertain. In one instance this is because not all C. jejuni strains 
possess CDT, and secondly naturally occurring CDT negative strains, which have been found 
to have a deletion in both the cdtA and cdtB genes, have been isolated from cases of human 
illness (AbuOun et al., 2005). Moreover, a recent study has demonstrated that the clinical 
outcomes of the disease caused by CDT-negative strains of C. jejuni was the same as that 
seen in patients infected with strains producing high levels of CDT (Mortensen et al, 2011).
1.12 Lipopolysaccharide, lipooligosaccharide and the capsule.
C. jejuni produces a variety of glycoconjugantes, including glycoproteins and 
glycolipids, commonly referred to as lipopolysaccharides-LPSs. LPSs are a major surface 
component of Gram-negative bacteria and have been shown to be virulence factors (Rietschel 
et al, 1994; Ketley, 1997). C. jejuni produces two types of complex carbohydrates, the 
lipoligosaccharide (LOS) and the capsular polysaccharide (CPS). The CPS of C. jejuni 
consists of an oligosaccharide repeating unit that is polymerised into a long chain (Karlyshev 
et al, 2005b) of galactose, ribose and glucose residues (Szymanski et al, 2003). It is a vital 
virulence feature, playing an additional key role in the organism’s survival in the 
environment. A non-capsulated mutant of 81-176, exhibits serum sensitivity, suggesting that 
the CPS may be required for serum resistance (Bacon et al, 2001). Most C. jejuni capsules 
are decorated with methyl phosphoramidate (MeOPN) and recently an encapsulated mpnC 
mutant that lacked the MeOPN modification was found to be as equally sensitive to serum 
killing as the non-capsulated mutant (Maue et al, 2013). Thus both the capsule and the 
MeOPN modification are thought to modulate the host immune response. The CPS is also 
crucial for resistance to desiccation, and biofilm formation (Roberson & Firestone, 1992). In 
addition, it provides the basis of the Penner serotyping method (Karlyshev et al, 2000).
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Early studies reported that C.jejuni expressed two different sizes of EPS however; it is 
now thought that C. jejuni expresses both LOS and the high molecular weight 
lipopolysaccharides (LPS). The structure of LOS shows 3-10 sugar residues within its 
carbohydrate chain lacking the 0-Ag repeats found in a typical high molecular weight LPS 
(Logan & Trust, 1984; Rietschel et al, 1994; Karlyshev et al, 2000; Karlyshev et al, 2001; 
Szymanski et al, 2003). The HMW LPS molecules have been found in less than half of the 
C. jejuni stereotypes analysed and are believed to be similar to the LPS of Salmonella 
enterica serovar Typhimurium and E. coli, complete with a chain of 0-Ag repeats, or “O- 
chains” (Aspinall et al, 1992; Moran & Penner, 1999).
The LPS and LOS possess an endotoxic lipid a moiety which is anchored into the outer 
membrane of C. jejuni. The lipid A consists of a glucosamine backbone. Also attached to 
lipid A, is the core region via a 3- deoxy-a-D-manno-oct-2-ulopyranosonic acid (Kdo) 
residue (Karlyshev et al, 2005b). This core consists of an oligosaccharide, which has a 
branched chain, divided into an inner more conserved region and an outer more variable 
region (Moran et al, 2000). The 0-Ag, thought to be present in the C. jejuni HMW LPS, is 
presumed to be attached to the outer core but it is not known how it is attached. The 
variability seen in the surface polysaccharides of C. jejuni is far more than that seen in E. 
coli, as reflected in the number of stereotypes. There are over 60 C.jejuni Penner stereotypes, 
whereas E. coli has as few as five core types (Penner & Hennessy, 1980; Penner et al, 1983; 
Mills et al, 1985; Moran et al, 2000). Not only are the LPS and LOS structurally important 
components of the cell membrane, they also contribute to pathogenesis in several ways 
(Rietschel et al, 1994) and the molecular mechanisms involved are well understood. LPS 
and LOS are involved in the resistance to serum and phagocytic killing, endotoxicity, and 
also adhesion (McSweegan & Walker, 1986; van Vliet & Ketley, 2001).
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Serum resistance though not common amongst prokaryotes, is attributed to sialic acid 
residues, which are present in some surface polysaccharides in C. jejuni and other bacterial 
pathogens (for example: Neisseria and Haemophilus spp.) (Guerry et a/.,2000b). Sialic acid 
residues are also found on human gangliosides. The bacterial sialic acids are reported to 
interfere with enzyme C3 of the alternate complement pathway which, in turn, disrupts the 
host’s complement cascade. Louwen et al, (2008) showed that sialylation of the LOS 
contributes significantly to epithelial invasion (Louwen et al, 2008). Molecular mimicry can 
be assumed to be involved in C. ye/wnz-associated GBS and the related spontaneous 
polyneuropophy Miller Fisher Syndrome (Yuki & Odaka, 2005; Aspinall et al, 1994; Kuroki 
et al, 1993). Studies have shown that a knockout mutant lacking WaaF, a heptosyltransferase 
which attaches to the second heptose of the LOS inner core, produced a truncated core 
oligosaccharide that was no longer reactive with antiganglioside antibodies (Oldfield et al, 
2002). Consequently, due to lack of the extensive 0-side chain of the LPS in C. jejuni, this 
pathogen will show reduced non-specific binding to the mucin glycoproteins, and thus avoid 
the innate immune response of the host’s epithelial cells (McSweegan & Walker, 1986; 
Young et al, 2007).
1.13 Iron Acquisition
Iron is an essential nutrient for growth, being a cofactor of many enzymes which 
catalyse basic cell metabolism functions such as electron transport, energy metabolism and 
DNA synthesis (Andrews et al, 2003). It is a cation able to exist in the divalent ferrous (Fe^^) 
and ferric (Fe^^) states. Because of its essentiality, nearly all bacteria possess iron acquisition 
systems which in turn are vital for the colonisation of the host and for virulence. In particular, 
enteropathogenic bacteria require efficient iron uptake systems to be able to grow within the 
gut, where fi*ee iron availability is severely limited by competition. The concentration of free 
iron in the mammalian host under aerobic conditions and at neutral pH has been reported to
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be in the range of 10' M to 10' M (Braun & Hantke, 2002), a concentration that is far too 
low to support bacterial growth, as bacteria generally require at least 10'  ^M of iron to grow 
(Braun & Hantke, 2002).
Iron uptake systems in Campylobacters have been studied since the 1980s (Field et al, 
1986), although it was not until the completion of the first genome sequence of C. jejuni 
NCTC 11168 (Parkhill et al, 2000) that the full extent of the iron acquisition mechanisms 
was revealed (Stintzi et al, 2008). Strains of C. jejuni cannot synthesize their own 
siderophores and no genes encoding for the biosynthesis of siderophores have yet been 
identified in the Campylobacter genome sequences (Parkhill et al, 2000; Hofi-euter et al,
2006). Campylobacters are however able to utilise siderophores that are produced by other 
bacteria, including iron binding compounds produced by the microflora of the host’s 
gastrointestinal tract (Field et al, 1986). In numerous studies, C. jejuni has been shown to 
utilize the siderophores ferrichrome and enterochelin, and other sources of iron, namely, 
haemin, haemoglobin, haemin-haemopexin and haemoglobin-haptoglobin (Pickett et al, 
1992).
Campylobacters are able to use the host compound haemin as a source of iron (Pickett 
et al, 1992). When mutants deficient in an iron-regulated protein termed ChuA were 
constructed, this resulted in a failure of the cells to grow when supplied with haemin or 
haem-containing compounds as the sole sources of iron (van Vliet et al, 1998). In this way 
ChuA was found to be a haemin binding receptor. Subsequently, chuA was found to be part 
of an operon, chuABCD which encodes a haemin uptake system (Parkhill et al, 2000; Ridley 
et al, 2006). C. jejuni NCTC 11168 has also been shown to utilize iron bound to the host 
iron-transport proteins transferrin, and lactoferrin for growth (Miller et al, 2008).
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c.jejuni can also acquire iron from the siderophore enterochelin. Genes encoding parts 
of the enterochelin transport system were first identified in Campylobacter coli by 
Richardson & Park, (1995) and subsequently an operon encoding an uptake system for this 
siderophore was characterized (ceuBCDE). C. jejuni contains an identical operon, in which 
ceuBC encode the inner-membrane permease protein, ceuD an ATPase and ceuE, the 
periplasmic binding lipoprotein (Parkhill et al, 2000; Palyada et al, 2004). The outer 
membrane receptor for this transporter, CfrA, is found elsewhere on the genome (Palyada et 
al, 2004). Both cfrA and ceuE mutants exhibit impaired colonization in avian gut models 
(Palyada et al, 2004) suggesting that this system, and enterochelin uptake are important in 
this process. One strain of C. jejuni, M l29, has also been shown to possess a cfliuABD 
operon, encoding proteins homologous to the ferrichrome-uptake systems characterized in 
E. coli and Pseudomonas aeruginosa (Galindo et al, 2001). This operon has not yet been 
found in any of the other sequenced strains of C. jejuni (Parkhill et al, 2000; Fonts et al, 
2005; Hofreuter et al, 2006; Pearson et al, 2007) and confirmation of its role in the uptake 
of ferrichrome is still needed. Finally, the cjl658-cjl663 locus of the C. jejuni NCTC 11168 
may be involved in the uptake of iron from the hydroxamate type siderophore ferri- 
rhodotorulic acid (Stintzi et al, 2008).
In anaerobic environments, such as the gut, iron can exist in the ferrous state. An 
uptake system of this oxidation state of iron has been previously characterized in E.coli. This 
is the FeoAB transporter which makes an important contribution to the iron supply in E. coli 
in anaerobic conditions (Kammler et al, 1993). Based upon homology to this E.coli iron 
uptake mechanism, C.jejuni has been demonstrated to possess a FeoAB-type iron transporter 
(Naikare et al, 2006). A C. jejuni mutant deficient in FeoB was shown to accumulate only 
50% of the iron that the parental strain did and displayed a reduced ability to colonise and 
survive within a rabbit ileal loop model (Naikare et al, 2006).
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In the iron transporters described above, the outer membrane receptors for the iron 
transport systems are located at the edge of the bounds of the cell, making them distal to the 
main site of energy production in the bacterial cell. As a consequence of this in most Gram 
negative bacteria, TonB, a cytoplasmic membrane, acts to transduce the proton motive force 
of the cytoplasmic membrane to the active transporter of the outer membrane, and in doing 
so, provides an energy source for the import of iron-siderophore complexes. TonB, itself is as 
part of an energy transduction complex which also includes ExbB and ExbD. The genome of 
NCTC 11168 has been shown to encode three ExbBD-TonB systems, but it is not known 
whether these function in partnership with specific iron uptake systems, or whether the 
different TonB proteins function with any of the iron uptake systems (Parkhill et al, 2000; 
van Vliet et al, 2002).
As outlined above, C. jejuni is able to acquire iron from a variety of sources during 
colonisation and infection. However, any bacterial cell has to maintain the iron concentration 
of its cytoplasm at an appropriate level, because high levels of iron can result in the 
generation of reactive oxygen species (ROS) as a consequence of the Fenton Reaction as 
below:
+ H2O2  > HO'+OH’
The iron group is oxidized by hydrogen peroxide producing the hydroxyl radical. ROS are 
highly reactive and toxic to cells, and consequently, it is vital for bacterial cells to keep 
cellular iron concentrations at a level that both prevents iron limitation, but at the same time 
prevents iron overload. In bacteria iron homeostasis is achieved by a combination of 
balancing iron metabolism, transport and storage (Schaible & Kaufmann, 2004; Wooldridge 
& Williams, 1993). With respect to the latter, bacteria generally possess two types of iron 
storage proteins, namely ferritin, which does not contain haem, and the bacterioferritins that 
do contain haem (Andrews, 1998). Both of these proteins have been shown to be present in
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c. jejuni 11168 (Andrews, 1998; Wai et al, 1996). Furthermore, a eft mutant of C. jejuni, 
deficient in ferritin, displayed reduced growth under iron-limited conditions and showed 
increased sensitivity to oxidative stress (Wai et al, 1996).
In many bacteria, the intracellular concentration of iron is monitored by the Ferric 
Uptake Regulator (Fur) and when the intracellular concentration of iron exceeds a certain 
level. Fur able to bind this element, and in doing so, becomes activated as a repressor which 
is able to bind to the upstream, regions of iron transport opérons to down regulate the 
transcription of genes encoding iron uptake systems (Escolar et al, 1999). C. jejuni contains 
two Fur homologues, which are Fur (Wooldridge et al, 1994) and the peroxide stress 
regulator (PerR) which regulate iron uptake genes and the peroxide stress response 
respectively (Van Vliet et al, 1998a; van Vliet et al, 1999). In a recent study that used 
RNA sequencing to determine changes in the transcriptional landscape of C. jejuni in 
response to iron, 77 iron activated genes and 50 iron repressed genes were detected (Butcher 
& Stinzi, 2013). As might be expected the iron repressed genes were those involved in iron 
acquisition, but the study also demonstrated that iron is an important modulator of flagellar 
biosynthesis, with nearly all of the components of the flagella being iron activated. PerR and 
its role in the peroxide response are discussed below.
1.14 Oxidative Stress
Cjejuni cells are faced with growth-limiting or potentially lethal conditions, whether
they are in gastrointestinal tracts or in the external environment during transmission. These
conditions include oxidative stress (Bâillon et al, 1999). Campylobacters are highly sensitive
towards oxygen and its reduction products because, generally, they are considered to be
microaerophilic (Park, 2002). It has however, been reported to be possible to grow
Campylobacters in the presence of air under certain conditions (Jones et al, 2003). Under
stressful conditions, Campylobacters have been shown to convert from a spiral to a coccoid
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form, a process that is usually accompanied by their conversion into a viable but non- 
culturable (VNC) state (Rollins and Colwell, 1986). This VNC state was first suggested by 
Colwell following a study on the survival of Salmonella in aquatic systems and it suggests a 
bacterial cell that remains infectious but can no longer be cultured by conventional means. 
Bacteria in this state may maintain metabolic activities, but are unable, under the prevailing 
environmental conditions, to undergo the cellular divisions which are needed for growth and 
multiplication. Furthermore, conversion from the VNC form has been shown to be reversible 
with the onset of improved environmental conditions (McKay, 1992). Clearly, the presence 
of a VNC form of Campylobacter would have significance for the detection and 
epidemiology of this pathogen.
In CJejuni, the expression of genes connected with oxidative-stress resistance is needed 
to protect the microorganism from reactive oxygen species made during normal micro- 
aerobic metabolism, during exposure to air, and when in contact with the host defence 
system. The major defence against superoxide is the enzyme, superoxidase dismutase (SodB), 
which needs iron as a co-factor. SodB catalyse the conversion of superoxide radicals into 
hydrogen peroxide and dioxygen. This enzyme is recognised as being vital for 
Campylobacter intracellular survival in INT407 cells, in air, in model food systems and also 
for the efficient colonization of chicks (Purdy et al, 1999; Monteville et al, 2003).
Another major oxidative stress resistance mechanism in C.jejuni is concerned with the 
defence against peroxides. Expression of both catalase (KatA) and alkyl hydroperoxide 
reductase (AhpC), are repressed by the peroxide stress regulator (PerR) (van Vliet et al, 
1999). Catalase converts the hydrogen peroxide, produced by SOD, into oxygen and water. 
Even though katA mutants are sensitive to hydrogen peroxide, they are not changed in their 
ability for growth or colonisation of chicks (Welkos, 1984). However, KatA is required for 
intra-macrophage survival, but not in intraepithélial survival (Day et al, 2000). Alkyl
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hydroperoxide reductase reduces aklyl hydroperoxides to alcohols, and as a result becomes 
oxidised itself. The oxidised AhpC protein may then be reduced by the ferredoxin protein, 
Fdx, in order to recycle the reduced AhpC (Bâillon et al, 1999). Mutants deficient in AhpC 
show increased sensitivity to organic peroxides and atmospheric oxygen but not hydrogen 
peroxide (Bâillon et al, 1999). More recently AhpC has been show to play a role in biofilm 
formation in C. jejuni in that biofilm formation is substantially increased in an ahpC, but not 
katA or sodB mutant (Oh and Jeon, 2014).
A study by Palyada, in 2009 confirmed the necessity for SodB activity for chick 
colonization, and further demonstrated that an ahpC mutation attenuated colonization from 
by a factor of 50-50,000-fold compared to the wild type depending on the strain being 
examined.
In the context of the regulation of gene expression in response to oxidative stress, 
C jejuni lacks homologues of the well characterized stress regulators OxyR and SoxR, but 
instead PerR and CosR regulate the expression of genes in response to oxidative stress. Fur, 
the ferric uptake regulator traditionally plays a role in regulating iron homeostasis and in 
Campylobacters, it has been shown to repress the expression of transport systems for haemin 
(Chu), ferric iron (Feo) and enterochelin (Ceu) (van Vliete/ al, 1998; Holmes et al, 2005). 
More recently, it has been suggested that Fur may have an even greater regulatory function 
following the identification of 95 Fur binding sites in the genome of Cjejuni. The genes 
downstream of these encode proteins present in a number of diverse regulatory pathways that 
play roles in metal homeostasis, energy production, and membrane and flagella biogenesis 
(Butcher et al, 2012). Campylobacters contain in fact two Fur homologues. Fur (as 
described above) has functions in iron homeostasis but the second of these, PerR, is 
responsible for the iron-responsive regulation of the peroxide stress response in C. jejuni, 
and in a perR mutant expression of both KatA and AhpC is de-repressed (van Vliet et al,
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1999). In terms of the regulation of PerR expression itself, PerR directly interacts with the 
perR promoter, and the expression of PerR is autoregulated and repressed by iron (Kim et al, 
2011). More recently, a second of the oxidative stress response of C. jejuni has been 
discovered. CosR is an OmpR-type regulator but despite its obvious presence in 
Campylobacters it has not been studied because a knock out mutant results in cell death. This 
technical limitation was overcome in a study by Hwang and others in 2011 in which they 
used antisense technology to interfere with CosR expression. This regulator obviously plays a 
key role in the oxidative response of C. jejuni as it was shown to negatively regulate the 
expression of SodB whilst positively controlling AhpC transcription (Hwang et al, 2013).
Cjejuni also encounters increased levels of nitrosative stress during infection, since 
nitric oxide (NO) synthesis is markedly high in individuals with infective gastroenteritis 
(Tarantino et al, 2009). During infection, both macrophages and enterocytes produce 
bactericidal concentrations of NO through the action of inducible NO synthases (lovine et al, 
2008). Resistance to this radical is likely to be vital during intracellular survival. Bacteria 
generally possess a number of activities that detoxify NO and its redox products (Poole,
2005). In Cjejuni, the single domain globin, Cgb provides a major NO scavenging and 
detoxification role, by acting as a nitrogen dioxidase and converting NO to nitrate (Elvers et 
al, 2005 ; Pickford et al, 2008). NssR, a member of the Crp-Fnr super family, has been 
identified as the major positive regulatory factor that governs the nitrosative stress-responsive 
expression of Cgb. In addition, an NssR-dependent nitrosative stress responsive regulon that 
consists of a least three genes, in addition to that that encodes Cgb, has been identified 
(Elvers et al, 2000).
1.15 Manganese Homeostasis
Manganese (Mn^ "^ ) is an essential trace element that is accumulated and used by nearly
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all forms of life, ranging from bacteria to humans. This metal is redox active and is an 
essential cofactor for a variety of important metalloenzymes including oxidases, DNA and 
RNA polymerase. As a consequence of its redox properties, manganese ions are an excellent 
catalyst for a wide range of chemical reactions (Jakubovics and Jenkinson, 2001). In this 
respect manganese has been shown to be important in the defence against oxidative stress and 
mutants of bacteria that are defective in its transport display increased sensitivity to reactive 
oxygen species (Anjemet et al, 2009). In pathogenic bacteria, mutants deficient in 
manganese transport are less virulent than their wild-type counterparts (Papp-Wallace and 
Maguire 2006). Moreover, high intracellular concentrations of manganese are linked to an 
increased tolerance of ionizing radiation (Daly et al, 2004) and desiccation (Fredrickson et 
al, 2008). Manganese can detoxify reactive oxygen species by non-enzymatic mechanisms 
(Daly et al, 2010) and can displace and substitute for iron in the active sites certain iron 
proteins, and in doing so, prevent oxidative damage to the protein (Sobata and Imlay 2011).
Interestingly, Lactobacillus plantarum and Borrelia burgdorferi can dispense with the 
requirement for Fe (Archibald, 1986; Posey and Gherardini, 2000), in addition to many 
species of streptococci which are able to grow in the absence of Fe (Spatafora and Moore, 
1998; Niven et al, 1999; Jakubovics et al, 2000), and replace this requirement with 
manganese (Jakubovics and Jenkinson, 2001). Despite the importance of manganese as an 
essential nutrient, when it is present in excess, it can also be toxic. Whilst the exact 
mechanisms of manganese toxicity are not known, it may involve the perturbation of iron 
metabolism (Guedon et al, 2003).
Most bacteria protect themselves from manganese deficiency and over accumulation through
the use of homeostasis systems specific to this metal and these usually comprise a manganese
dependent transcriptional regulator, one of more manganese transporters and an efflux pump.
Two major classes of manganese transporter have been identified in bacteria, with virtually
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all genomes sequenced to date containing one or both of these (Papp-Wallace and Maguire
2006). The two types of transporter are the Nramp H^Mn^^ protein dependent selective 
manganese transporters and the ATP-binding cassette manganese permeases (Kehres et al, 
2000; Papp-Wallace and Maguire 2006). In E. coli laboratory strains, MntH functions as the 
main Nramp H^Mn^^ transporter (Kehres and Maguire 2003), MntR is the manganese 
sensing transcriptional regulator (Patzer and Hantke, 2001), and MntP serves as the efflux 
pump (Waters et al, 2011). In pathogenic strains of E.coli, however, a second ATP-cassette 
type of manganese transporter exists termed SitABCD (Sabri et al, 2006). As revealed in 
several investigations, manganese homeostasis plays a major role in the augmentation of 
virulence in some bacterial pathogens (Kehres and Maguire, 2000; Jakubovics and Jenkinson
2001). Previous studies have shown that the accumulation of manganese in N. gonorrhoeae 
provides protection against 0% and H2 0 2 -related killing mechanisms via processes that are 
independent of superoxide dismutase (SOD) (Tseng et al, 2001) and catalase (Seib et al,
2004).
In the Gram positive pathogen S. pneumonia the psaBCA locus encodes an ATP-cassette 
type of manganese transporter (Dintihac et al, 1997; McAllister et al, 2004) and this system 
has been shown to play a key role in virulence (Marra et al, 2002). The expression of 
PsaBCA in response to manganese is regulated by PsaR which negatively regulates gene 
expression (Johnston et I, 2006) and as the concentration of manganese in mucosal body 
secretions is 1000-fold higher than elsewhere, this may be a potential signal through which 
Streptococcus can sense a shift in its location within the body (Johnston et al, 2006; Gao et 
al 2009). Manganese has also been shown to be essential for the expression of virulence 
factors, including glucan binding proteins, in the caries causing bacterium Streptococcus 
mutons (Arirachakaran et al, 2007). In the sexually transmitted pathogen Neisseria 
gonorrhoeae the accumulation of manganese is linked to an increase in resistance to
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superoxide stress, which is independent of superoxide dismutase activity (Tseng 2001,) and 
the ATP-binding cassette manganese transporter MntC is required for this (Seib., 2004). In 
the related species Neisseria meningitidis, which is responsible for meningitis, MntX serves 
as a manganese exporter, and whilst the genes encoding this exist in N  gonorrhoeae they 
are mutated and a functional MntX is not produced (Veyrier FJ et al, 2011). Additionally, 
manganese has been shown to play an essential role in the virulence of Enterococcus faecalis 
(Singh et al, 1998) and Yersiniapestis (Bearden and Perry, 1999).
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1.16 Aims
It is clear from the discussion above that manganese plays a key role in oxidative 
stress protection in a number of bacterial species. In addition to this, this element has also 
been shown to play a vital role in the virulence, and the regulation of virulence factor 
expression in many pathogenic bacteria. Despite its obvious importance, the impact of 
manganese homeostasis on the physiology of Campylobacters, their resistance to oxidative 
stress, and on virulence has not been investigated at all. Furthermore, the mechanisms 
involved in transport of this metal have not yet been elucidated. The overall aim of this 
project, therefore, was to investigate for the first time, the response of Campylobacters to 
manganese: to establish the tolerance limits to this metal, to determine whether it promotes 
survival during exposure to oxidative stress and to establish the mechanisms for its 
transport.
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CHAPTER TWO
Materials and Methods
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2. Materials and Methods
2.1 Culture media and Buffers
All of the media used in this study, as shown in the appendix, were acquired from 
Oxoid, Basingstoke, UK. The media were made using RO water and sterilised by 
autoclaving at 121°C for 15 minutes. To enhance recovery, 5% sterile defibrinated sheep 
blood (TCA Bioscience, UK) was added to warm (50°C) Mueller Hinton Agar and 
Columbia agar base. Antibiotic supplements, ampicillin lOOpg mf^ and kanamycin 50pg 
m f \  were added to warm sterile media. All antibiotics were supplied by Sigma-Aldrich® 
(UK) and these were sterilized by filtration before use using syringe type 0.22pm 
Millepore X PG filters. The prepared media were kept at 4 °C until they were used but all 
media was used within a week of preparation.
2.2 Bacterial strains
All the bacterial strains used and constructed in this study and their sources are as 
listed in Table 2.1. All the bacterial strains were stored in Microbank^™ vials (Pro-Lab 
Diagnostics, UK) at -80°C until needed.
2.3 Preparation of bacterial cultures
All strains were stored in MicrobankTM (Pro-Lab Diagnostics, UK) vials at -80 °C 
until required. Campylobacters were grown, from frozen, on Mueller Hinton agar or on 
MHA supplemented with 5% defibrinated sheep blood (BMHA) at 3TC  in microaerophilic 
atmospheres (5% O2, 10%CO2 and 85% N2) using jars and CampyGEN (Oxoid) gas 
generating kits. After 48 hours, the bacteria were then transferred to new plates and 
incubated microaerophically for 48 hours, at 37°C as above. Before use. Salmonella, 
Listeria and E.coli strains were grown from frozen on Nutrient Agar under aerobic 
conditions for 24 hours at 37°C. Bacterial cultures were then harvested from plates and 
grown in Mueller-Hinton Broth (MHB) in 250 ml Erlenmeyer flask at 37°C for 18-24
42
hours and shaken at 150 revolutions per minute (rpm), under microaerophilic conditions 
for Campylobacters, and aerobic conditions for the other kinds of bacteria species.
2.4 Dissolution of chemical components
Different amounts of MnS0 4 , MnCb, (supplied by Sigma-Aldrich® UK), were 
dissolved in sterilised RO water or IM Potassium Phosphate Buffer (PPB) of pH 6.0, to 
achieve the necessary working concentrations (50, 100, 250, 500 and 1000 pM). Uric acid, 
which was used in its powder form, as a consequence of its insolubility in water, was 
weighed into glass bottles, sterilized by autoclaving, and then added to flasks to give the 
required working concentration. Solutions were sterilised by filtration by using syringe 
type 0.22 pm Millepore X PG filters.
2.5 Standard buffer solutions
All buffers were prepared using deionised water from a Nanopure Ultrapure Water 
System and autoclaved at 121°C at 151b/n  ^ for 15 minutes when necessary. All buffer 
solutions were stored at room temperature except where otherwise stated.
Strain Characteristics Source
Campylobacter jejuni Genome strain National Collection of Type Cultures, Colindale, UK
Campylobacter jejuni Type strain National Collection of Type Cultures, Colindale, UK
Campylobacter jejuni Type strain National Collection of Type Cultures, Colindale, UK
Campylobacter jejuni 
NCTC11168H
Hypermotile derivative of 
strain NCTC 11168
Nick Dorrell from London 
School of Hygiene & Tropical 
Medicine, UK and Mary Bagnall 
from the Animal Health and 
Veterinary Laboratories Agency 
(AHVLA), Weybridge, UK
Campylobacter jejuni 
ACTC 77525
Genome sequenced 
version of C. jejuni 81116
National Collection of Type 
Cultures, Colindale, UK
CJl Natural veterinary isolate AHVLA (Weybridge), UK
C/7 Natural veterinary isolate AHVLA (Weybridge), UK
Campylobacter coli 
7W:TC 72770 Wild type strain
National Collection of Type 
Cultures, Colindale,UK
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Campylobacter coli Wild type strain National Collection of Type Cultures, Colindale,UK
Campylobacter coli 
NCTC 11350 Wild type strain
National Collection of Type 
Cultures, Colindale,UK
Salmonella 
Typhimurium USCC 
2004
Wild type strain National Collection of Type Cultures, Colindale,UK
Listeria monocytogenes 
NCTC 5105 Wild type strain
University of Surrey Culture 
Collection, UK
E. coli DH5a Competent cells Invitrogen (Cat No: 18265-017)
Plasmids
C. coli kanR antibiotic 
cassette in pUC19 Bâillon et al., (1999)
pKH0141Fl
PCR product representing 
flank 1 of CjO 141c cloned 
into pBluescript II
This study
pKH0141F12
PCR products 
representing flank 1 and 
flank2 of CjOl 41c cloned 
into pBluescript II
This study
pKH0141F12K
pKH0141F12 with the 
kanamycin resistance 
cassette from pJMK30 
cloned into the Xbal site 
separating flank 1 and 2
This study
Mutant Strain
CJKHOl
A knock out mutant of C. 
jejuni deficient in Cj0141, 
a putative manganese 
transporter.
This study
Table 2.1: Bacterial strains and plasmids used in this study
2.6 Assessment of growth and survival
The Miles and Misra technique was used for each bacterial counting experiment 
(Miles & Misra, 1938), using serial dilutions of the bacterial suspensions from the growth 
assay using maximum recovery diluent (MRD) (Oxoid, Basingstoke, UK). From the 
dilutions, five 20 pi aliquots were added to the appropriate growth medium. When it was 
necessary, to use the spread plate method, 0.1 ml of the bacterial suspension was spread on 
the surface of the media using a sterile plastic spreader. When cell numbers of
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Campylobacters were being determined, culture plates were subsequently incubated for 
48hours at 37°C under microaerophilic conditions. When the cells counts were performed 
on the other aerobic bacteria used in this study, the agar plates were incubated at the same 
temperature and for the same time but here aerobic conditions were used. The limit of 
detection of the assay was less than 10  ^ cfu/ml. The Students t-test (two tailed) was used 
for statistical analysis when required. A P value less than 0.05 was eonsidered statistically 
significant.
2.7 The effect of manganese salts on the survival and growth of 
Campylobacters using liquid assays
The ODôoo of overnight cultures of strains of Campylobacters (grown at 37 °C under 
microaerobic conditions) was adjusted to 0.63 using fresh Mueller Hinton Broth MHB 
(Oxoid). A 1ml aliquot of this was introduced into 100ml of MHB containing different 
concentrations of manganese salts (50 pM, lOOpM, 250pM, 500pM or lOOOpM), in 
vented tissue culture flasks or in 250 ml Erlenmeyer flasks. For aerobic survival 
experiments, these were incubated aerobically at 25 °C with shaking at 150 (rpm). Samples 
for viable counts were taken immediately and then at regular intervals for the period of 
incubation (usually 5 days). In some experiments, the cultures in flasks were incubated at 
37 °C and using microaerophilic conditions (generated in a plastic jar and using a 
CampyGen pack), to establish the effects of manganese on growth, rather than aerobic 
survival.
Cell counts were carried out by serially diluting 0.1ml aliquots taken from the 
cultures using 0.9ml aliquots of Maximum Recovery Diluent (MRD). Aliquots of the 
dilutions (20 pi) were pipetted onto pre-dried plates of Mueller Hinton Agar, Columbia 
Blood Agar (5% defibrinated sheep’s blood) or Blood Mueller Hinton Agar (BMHA) 
plates (5% defibrinated sheep’s blood) sheep using the Miles and Misra technique
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described above. The plates were then incubated for 48 hours at 37 °C under 
microaerophilic conditions. The viable cell counts were carried out in triplicate.
2.8 The effect of MnS0 4  on the survival of other foodborne pathogens
In order to assess whether manganese influenced the survival of other non- 
microaerophilic foodborne pathogens, the survival of S. Typhimurium and L. 
monocytogenes was also assessed using the same procedure as described in section 2.7, 
except that viable cells were recovered using nutrient agar and with aerobic incubation at 
37 °C for 24 hours.
2.9 The effect of uric acid on the survival and growth of Campylobacters 
in liquid assays
Since uric acid is only sparingly soluble in water, its powder form was used and this 
was weighed, sterilised, and added to 100 ml MHB to give a concentration of 0.05%, 
0.1%, 1%, 5%. Bacterial cultures {C. jejuni 11168,Q  11351, Cj 486, Q l,  Q2, C.coli 
12110 , C.coli 11437 and C.coli 11350 ) were prepared as described in section 3.3 and 
adjusted to an optical density (OD) of OD600nm of 0.63. Aerobic incubation of all the 
flasks was carried out at 25°C and these were shaken at 150rpm. Samples for plate 
counting, were taken immediately after the uric acid was added and then later, at 
appropriate time intervals. The Miles and Misra plate counting technique was used using 
BMHA or MHA. All experiments were performed in triplicate.
2.10 The use of the disc diffusion method assay for assessing the 
resistance of Campylobacters to oxidative stress
To determine the bacterial resistance to oxidative stress, the disk inhibition assay was 
used. An overnight culture of C. jejuni grown at 37°C in MH broth using microaerophilic 
conditions was adjusted to an OD600nm of 0.5. To make a semi-solid agar (0.4% agar) 
suitable for resistance testing, 0.2 g agar was added to 5Omis of MHB and this medium
46
was autoclaved. When the medium had cooled to 50°C, 2.5 ml of the culture was added 
to 50 mis of the semisolid MHA, and also to this agar containing MnS0 4  at concentrations 
of 100 pM, 250 pM 500 pM and 1000 pM. This warm agar was then poured onto MH 
plates and MHA plates containing equivalent concentrations of MnS0 4  Aliquots of 10 pi 
3% w/v hydrogen peroxide and 0.5 % v/v methyl viologen were then were pipetted onto 
sterilised 3M Whatman 6 mm paper disks and these were then immediately placed onto the 
soft agar surface. After 24 hours incubation at 37°C using microaerophilic conditions, the 
zones of inhibition (area where there was no bacterial growth) were measured.
2.11 The effect of adding manganese following prolonged cell survival in 
it absence.
In order to investigate the effect of manganese on the survival of Campylobacter 
cells during the later stages of survival, bacterial cultures were prepared as described in 
Section 2.2. All flasks were then incubated for a number of set times aerobically at 25°C 
with shaking at 150 rpm with no addition of manganese. At these different times, either no 
manganese was added (control) or two different concentrations of manganese, 100 pM and 
250 pM were added, at three different time points: 107, 80 hours and 47 hours. The 
incubation was then continued and the cell numbers assessed using plate-counting using 
the Miles & Misra technique and MHA. All experiments were performed in triplicate.
2.12 The effect of manganese on the recovery of Campylobacters when it 
was added into the plate counting agar
Bacterial cultures were prepared as described in section 3.3 but in this experiment, 
50 pM lOOpM, or 250pM of manganese were added to the media used to perform the plate 
counts, to determine if this element could increase the recovery of aged and damaged cells 
of Campylobacter. The cells in the various liquid media were incubated using aerobic 
conditions at 25 °C. The viable count was performed on MHA plates containing various
47
concentrations of manganese and incubated at 37°C. The viability of the bacteria was 
determined using the Miles and Misra technique. All experiments were done in triplicate.
2.13 Assessment of Campylobacter viability using the LIVE / DEAD 
Baclight Bacterial Viability assay
The BacLight staining method (LIVE/DEAD BacLight viability kit for microscopy 
Kit: L I3152 (Invitrogen Ltd, UK) is used to differentiate between living and dead bacteria 
cells. This test was also used to assess the survival of Campylobacters in the assays 
described above. As recommended by the manufacturer, green-fluorescent SYTO® 9 dye 
and red-fluorescent propidium iodide was mixed at a ratio of 1:2 just before use. Samples 
were taken at various intervals and immediately stained by adding 3 pi of the fluorescent 
dye mixture to 500 pi of the culture. Samples were then incubated in the dark at room 
temperature for 20 minutes. Then 5pi of the stained bacteria were applied to a glass 
microscope slide and these were then trapped by gently applying a 18 mm square coverslip 
for microscopic examination. A fluorescence microscope was used to examine the bacteria 
at a 1000-fold magnification and using UV light at a wavelength of 488nm.
2.14 Generic DNA methodology
2.14.1 Primer design
In this study, four sets of primers were designed and were synthesized by Sigma UK. 
All primers that were used are listed in Table 2.2. The primers obtained from Sigma (UK) 
were diluted to give a 200 pM stock and further diluted to provide 10 pM working 
concentration.
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2.14.3 Analysis of DNA fragments by agarose gel electrophoresis
Analysis of DNA fragments was done using 0.8% agarose (v/v) gels. For smaller 
DNA fragments (<lkbp), 1% (v/v) agarose in TAB buffer was used. A 1 kb DNA ladder 
(Promega, UK), which served as a molecular marker, was run together with samples of the 
DNA and samples loaded into the wells by adding 1 pi of 6x loading dye. The gel was 
immersed in TAB buffer before performing electrophoresis for 35 minutes at 140 volts. 
After the gels had run, they were thereafter stained with RedSafe^^ (Biotium, UK) using 
0.5 plRedSafe™ per of 100 ml of TAB buffer.
2.14.4 Plasmid DNA extraction
E.coli was cultured on LB agar containing lOOpg/ml ampicillin. Following overnight 
growth, the colonies were harvested and transferred into LB broth containing 100 pg/ml of 
ampicillin. Incubation was carried out overnight at 37°C and then the cells were recovered 
by centrifugation at 4000 rpm for 10 minutes. Plasmid DNA was then extracted from the 
cells using the QIAGEN plasmid extraction kit. This plasmid purification protocol is based 
on a modified alkaline lysis procedure, followed by binding of plasmid DNA to QIAGEN 
resin under appropriate low-salt and pH conditions. RNA, proteins, dyes, and low- 
molecular-weight impurities are removed by a medium-salt wash. Plasmid DNA is eluted 
in a low-salt buffer.
2.14.6 Preparation of competent E.coli cells
The E.coli cells were cultured in 50 ml of LB media and grown to an ODeoo of 0.4-0.8. The 
cells were pelleted by centrifugation at 3000-4000g for 20 min at 4°C and then re­
suspended in 200ml cold O.IM MgCb incubated on ice for 20 min. Cells were pelleted 
once more and then resuspended in 5 ml of O.IM CaCl] and 14% glycerol. Aliquots of 50 
pi then pipetted into individual Eppendorf tubes and stored at -80°C until required.
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2.14.7 Transformation of competent E.coli DH5a cells
Transformation was performed using one tube as the test and the second as the 
control. Both contained 50 pi of DH5a competent cells as prepared above and one, 2pl of 
ligation mix and the other Ipl of pUC19 control plasmid (to measure the efficiency of 
transformation). After DNA was added to the tubes, they were incubated on ice for 30 
minutes. DH5a cells were then heat shocked for 45 seconds by placing both test and 
control tube in water bath at 42 °C, Following this, they were re-incubated on ice for a 
further two minutes. Warm SOC medium, was then added into both tubes which were then 
incubated at 37°C for 2 hours to allow for the expression of antibiotic resistance. From 
both tubes, aliquots of 20 pi, 50 pi and 100 pi were plated onto LB agar plates containing 
100pg/ml ampicillin. All the plates were incubated overnight at 37° C. The transformant 
colonies were then screened by PCR as detailed in Section 3.17.1, to confirm if cloning 
had been successful.
■  Origin of replication 
0  O ther gene
■  R eporte r gene
■  Selectable m arker
,iacZ_a rep o rte r
-F2 (up stream )
FI (down stream )
Figure 2.1: This figure shows the structure of pKH0141F12K the CjOMlc suicide plasmid 
map.
51
2.14.8 Generation of a CjOI41c knockout mutant of C.jejuni 11168, a gene
encoding a component of the putative Campylobacter manganese 
transporter
The gene CjOMlc was identified as a putative permease protein for a MntB-like, 
ATP binding cassette transporter for manganese. To determine whether this gene did 
indeed encode the permease protein for manganese uptake, steps were taken to generate a 
knock out mutant in it. The approach taken followed the method of Corcionivoschi et al., 
(2008) which involves separately amplifying by PCR, two fragments of the gene of 
interest, one downstream and one upstream then combining these to generate a unique 
restriction site into which the antibiotic marker can be introduced. The generic cloning 
vector pBluescript II (Alting-Mees and Short, 1989) was used as the backbone vector for 
the CjOMlc gene knockout construct. pBluescript II contains the desired Xbal, Spel, and 
Natl restriction sites. The general strategy was to clone a PCR amplified product 
representing the 5-prime region of CjOMlc flank 1 into the Xbal and Natl restriction sites 
and then to introduce a PCR product, representing the 3-prime region of the flank2 into 
the Xbal and Spel restriction sites of pBluescriptll. In order to disrupt the gene and to 
provide an antibiotic marker for selection, the Campylobacter kanamycin resistance gene 
from pJMK30 was cloned into the Xbal site separating the two flanking fragments of
2.14.9 PCR amplification of the Cj0141c DNA fragments
The DNA primers used to amplify the CjOMlc gene fragments were obtained from 
Sigma (UK) and their sequences are shown in Table 2.2. The PCR reaction master mix 
was prepared to have a final concentration of target DNA (C. jejuni NCTC 11168 genomic 
DNA) of 10-60 ng/pM, and a primer concentration of 0.2 pM. Deoxynucleotide 
triphosphates (dNTPs) were included at a concentration of 200 pM. One unit of TAQ 
polymerase (Promega, UK) and the corresponding lOx buffer (Promega, UK) was added.
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For both PCR reactions (flankl and flank2), a negative control was set up in which the 
addition of template DNA was substituted by the addition of Ipl sterile milli-Q water. The 
reactions were performed using a 2720 Thermal Cycler (Applied Biosystems, Life 
Technologies, Paisley, UK).
Each reaction had an initial dénaturation period of 2 minutes at 95 °C and then 30 
subsequent cycles of 30 seconds at 95 °C. For each cycle, an annealing step of 30 seconds 
at 60 °C was included, as was an extension step of 2.5 minutes at 72°C. A final period of 
extension of 7 minutes at 72 °C was also included. After the reactions had run to 
completion, the samples were kept at 4 °C until required.
2.14.10 Purification and Restriction Digestion of PCR Products
The PCR products were purified using the QIAGEN purification system. . Briefly, 
the reaction was introduced onto a QIA quick column and then centrifuged for 1 minute at 
13000 rpm to bring about DNA binding and reactant wash off. An initial washing step 
was performed by adding 500 pi of PB buffer and flushing this through the column using 
centrifugation for 1 minute at 13000 rpm. The column was next washed for a second time 
in the same way but using 750 pi of PB buffer. To ensure that all residual wash buffers had 
been removed, a final centrifugation step of 1 minute at 13000 rpm was carried out. 
Finally, the column was transferred into clean and sterile Eppendorf tube and the DNA 
fragments eluted following the addition of 25 pi sterile Milli-Q water and centrifugation 
using the conditions outlined above.
The purified PCR product representing Flank 1 was double digested using Xbal and 
Notl restriction enzyme (Promega, UK) using a compatible buffer system (Promega, UK). 
The restriction digestion reaction consisted of 24 pi of flank 1 PCR product, 5 pi of buffer 
D, 0.5 pi BSA, 2 pi Xbal(2 units ), 2 pi Not 1(2 units) and 16 pi milli- Q water to make a 
total volume of 50 pi. The reaction was incubated at 37 °C for two hours. The flank 2
53
digestion reaction included 24 pi of flank 2 PCR product, 5 pi of buffer D, 0.5 pi BSA, 2 
pi Xbal(2 units ), 2 pi Spel(2 units) and 16 pi milli- Q water to make a total volume of 50 
pi. The reaction was incubated at 37 °C for two hours.
pBluescriptll was digested with the appropriate restriction enzymes using the 
conditions described above. However, in order to prevent relegation of the backbone vector 
with the released DNA fragments, the DNA was treated with Calf Intestine Alkaline 
Phosphatase (CIAP) (New England Biolabs). One unit of CLAP was added to the 
restriction endonuclease digest and this was incubated at 37°C for 5 min. The CIAP was 
then removed using the using the Qiagen PCR cleaning kit as described above.
2.14.11 DNA ligations
Ligation mixtures constituted to a total volume of 10 pi. The reaction mixtures for 
ligations were 1.3 pi (100 ng) of DNA vector, 1.5 pi (124 ng) of DNA insert, 1 pi T4 
ligase enzyme (Promega, UK) and 5.2 pi milli- Q water. All the ligations were incubated 
in 1.5ml Eppendorf tubes and overnight at 4°C.
2.14.12 Generation of the kanamycin resistance gene cassette
2.14.12.1 Isolation of pJMK30
E. coli cells containing the plasmid pJMK30 were grown on LB agar supplemented 
with 50 pg/ml kanamycin. After the overnight incubation, a colony was inoculated into LB 
broth containing 50pg/ml kanamycin and this was also grown overnight. The plasmid was 
extracted and purified using the Qiagen Plasmid extraction kit as described in section 
2.14.4. The plasmid was then used as the DNA target in a PCR reaction using the forward 
and reverse kanamycin primers shown in Table 2.2 and the PCR reaction described in 
section 2.14.9.The PCR generated kanamycin cassette was next purified using the Qiagen 
system and then digested with the restriction endonuclease Xbal. The restriction digest 
reaction comprised of 15 pi DNA at a concentration of approximately 80-100ng/pl, Ipl
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Xbal, 2 pi 1 Ox buffer (Promega), and milli-Q water to make the total volume of 20 pi. The 
reaction was incubated in a 37°C water bath for 1 hour.
2.14.12.2 Agarose Gel extraction of the kanamycin resistance cassette
The A&fll-digested PCR cassette (see above) was loaded onto a 1% (v/v) agarose gel 
and the large DNA fragment representing the kanamycin resistance gene was excised and 
subjected to QIAEX II DNA extraction procedure (Qiagen) in order to remove the small 
Xbal fragments liberated from the ends of the PCR product. The agarose gel was viewed 
on a UV-light box and the desired DNA band cut out of the gel using a sterile scalpel and 
placed in a sterile microfrige tube. The excised DNA fragment was weighed in a 1.5 ml 
microcentrifuge tube and 3 volumes of buffer QXl to 1 volume of gel was added. The gel 
slice was dissolved by incubating the tube at 50°C for 10 minutes with vortexing every 2-3 
minutes. One gel volume of isopropanol was next added to the sample, and after mixing, 
the sample applied to a QIAquick column. The column was centrifuged for 1 min at 13,000 
rpm and the flow-through was discarded. To remove traces of agarose gel, the column was 
washed with 500 pi buffer QXl and spun for 1 minute. A fiirther wash was carried out 
using 750 pi PE buffer, and the column was again centrifuged at 13,000 rpm for 1 minute 
and the flow through discarded. The column was next centrifuged for an additional 2 
minutes to remove all traces of PE buffer and then placed into a clean and sterile 
microcentrifuge tube. Finally, the DNA was eluted from the column by adding 50 pi TE 
buffer (pH 8.0) to the centre of the column and centrifuging it for 1 minute. Purified DNA 
was stored at -20°C.
2.14.13 Construction of the pKH0141F12K suicide plasmid
The flank 1 A&al/Notl fragment was cloned into the respective restriction sites on 
pBluescriptll to generate the plasmid, pKH0141Fl. Next, pKH0141Fl was digested with 
Xbal and Spel and the corresponding flank 2 fragment cloned into these sites, to generate
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plasmid pKH0141F12. Finally, pKH0141F12 was digested with Xbal and the Xbal 
kanamycin resistance gene cassette introduced into this site to generate the suicide plasmid 
pKH0141F12K.The sucide plasmid is unable to replicate or be maintained in the host, 
therefore antibiotic resistance can only be acquired if the plasmid integrates by allelic 
exchange into the chromosome.
2.14.14 Preparation C.jejuni competent cells for electroporation
C. jejuni cells were prepared for electroporation according to the method of Miller et 
al., (1988). A 48 hour old plate culture of C. jejuni NCTC 11168 was harvested by using 
1ml of MHB and a plastic spreader. The cells were pelleted using centrifugation at 13,000 
rpm for 5 minutes at 4°C. After discarding the supernatant, the pellet was washed with ice- 
cold C. jejuni wash buffer (272mM sucrose and 15% v/v glycerol), and the washing step 
repeated a fiirther 5 times. The cell pellets were finally re-suspended in wash buffer to 
achieve a density of 10  ^cfu/ml and the cells stored at -80 °C until needed.
2.14.15 Transformation of pKH0141F12K into C.jejuni by electroporation
Plasmid pKH0141F12K was introduced into competent C. jejuni 11168 by 
electroporation. In order to do this, 50pl of electrocompetent cells were mixed with 1, 2 
and 4pl of the plasmid DNA and incubated on ice for 10 minutes. The mixture was then 
transferred to ice-cold electroporation cuvettes which had been cooled prior to the start of 
the transformation procedure (2mm gap, Eppendorf). Voltage pulses were delivered to the 
ice cold cells using a Gene Puiser apparatus (BioRad Gene Pulser^^). The electroporation 
settings were adjusted to 2.5kv, 25pF, 200 Ohm in order to generate a time constant of less 
than 4 seconds. After electroporation, pre-warmed MHB (37°C) was used to flush out the 
contents of the cuvettes, which were then subsequently spotted onto two pre-dried MHA 
plates; these were then incubated for 24 hours at 37 °C under microaerobic conditions to 
allow for recovery of cells damaged by electroporation, and expression of the kanamycin
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resistance phenotype. The cells were harvested by adding 300pl MH broth and gently 
scraping them off with a sterile plastic spreader. Aliquots of lOOpl of this suspension were 
then spread plated onto dry MHA plates containing 50 pg/ml of kanamycin. The plates 
were then incubated under microaerophilic conditions for 2 to 5 days at 37°C to recover 
transformants.
2.14.16 Screening of transformants of C jejuni for the knocked out Cj0141c 
genotype
The transformants that grew as a result of the electroporation above were screened 
using PCR. The sequence of the flank primers used is given in Table 2.2 and they were 
designed to bind at position 146725 (flank 1 forward printer) and at position 141981 
(flank2 reverse primer) of Campylobacter genome. The PCR amplification was carried out 
using Fusion High-Fidelity Polymerase (Thermo Fisher Scientific, UK). The PCR protocol 
involved an initial dénaturation for 2 minutes at 98 °C, then followed by 30 cycles of 10 
seconds at 98 °C (dénaturation), 10 seconds at 60°C (annealing) and then 2 minutes at 72 
°C (extension). A final extension step of 10 minutes at 72°C was also included. The PCR 
products were either directly run on an agarose gel for analysis or they were cleaned using 
the PCR cleaning kit protocol (QIAGEN), before digestion with Xbal only. The digested 
PCR products were then analysed by gel electrophoresis (1% agarose, Promega Ikb 
marker). One transformant, with the genotype expected of a CjOMlc mutant was 
designated CJKHOl
2.15 Survival assays for the C.jejuni wild type and the Cj0141c mutant in 
the presence or absence of various metal salts.
The growth of C. jejuni wild type strain and C. jejuni CJKHOl was assessed as described
previously section (2-7) in the presence or absence of 100 pM and 250 pM of MnS04. In
the same way, the ability of the Cjejuni wild type and CJKHOl to grow in media with and
without 50 pM, 100 pM, and 250 pM of zinc chloride was also assessed.
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2.16 Motility Assays with C. jejuni
Motility in Campylobacters is affected by many different factors including metals like 
iron (Butcher & Stinzi, 2013) so it was decided to investigate if the presence of manganese 
or the transport of it had any effect. The motility experiment was based upon the swarming 
of the bacterial cells on a semisolid agar plate. Cultures of C. jejuni (wild type and 
CJKHOl) grown on MHA for 48 hours were scraped from the plate and re-suspended in 
0.1 M PBS pH 7.4 to obtain a bacterial count of approximately 10  ^cfu/ml. Twenty-five ml 
of 0.4% MHA (semi-solid agar) in a Petri dish, with and without MnSO# was stabbed with 
1 pi and 5 pi of the prepared cultures. To overcome any inconsistencies in the motility of 
the strains which may have affected bacterial swarming, one single batch of semisolid agar 
media was used per experiment. The plates were incubated using microaerobic conditions 
at 37°C. After 18 hours, the diameter of zone of motility was measured in cm. This assay 
was done in triplicate.
2.17 Tissue culture
2.17.1 Culture of Caco-2 Cells
Frozen ampoules of Caco-2 (Human Caucasian Embryonic Intestine, Epithelial 
ECACC 85051004), obtained from the European Collection of Animal Cell Cultures 
(ECACC, CAMR, Porton Down, Salisbury), were rapidly thawed. These were then added 
to lOmls of pre-warmed DMEMIO medium (Invitrogen, UK). The cells were then pelleted 
by centrifugation at 80g for 5 minutes, and the supernatant removed before the cells were 
suspended in 25mls of complete medium. This inoculated media was transferred into 
sterile 250 cm  ^polypropylene tissue culture flasks (Thermo Scientific,UK). The cells were 
then incubated at 37°C in 5% (v/v) CO2 until a confluent monolayer was present. 
Confluent monolayers were trypsinised with 0.05% (w/v) trypsin / 0.02% (w/v) EDTA in 
PBS in the ratio of 1:3 to 1:6 before use in the assay below.
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2.17.2 Invasion assay
Caco-2 cells were seeded into a 24 well culture plate at a concentration of 2 x 10  ^
cells per well. The plate was then incubated for 48 hours at 37°C with 5% (v/v) C02 in 
order to ensure the formation a confluent monolayer (approx. 5x10^ cells per well). The 
monolayers were then washed with 2ml Hank’s Balanced Salt Solution (HBSS) 
(Invitrogen, UK) per well. This was done twice on the day of the assay in order to remove 
any residual antibiotics. 900 pi of incomplete medium (Invitrogen, UK) was thereafter 
added into each well. In order to ensure bacteria to cell ratio of 1 to 200 (multiplicity of 
infection (MOI) of 200), 0.1ml of bacterial suspension (10^ cfti/ml) was added to the 
maintenance medium so that it covered the cell monolayers in the wells. Incubation of the 
infected cell monolayers was carried out for 3 hours at 37°C in 5% (v/v) COi.This was to 
ensure the invasion of the cells by the bacteria. The monolayers were thereafter washed 
three times with HBSS (2mls). In order to make any external bacteria that were yet to 
invade inactive, 2 ml of incomplete medium was added to each well. Incubation in this 
medium, which contained 250pg/ml of gentamycin, was performed for 2 hours. After 
incubating, the monolayers were lysed with 1ml of 1% (v/v) Triton X-100 in PBS, after 
they had been washed with HBSS. The plate was placed on a magnetic stirrer (each of the 
24 plate wells had a magnetic stirrer bar of 10 by 5 mm). The plate was stirred for 10 
minutes at lOOrpm. To determine the total number of viable bacteria per well, serial 
dilution of the Triton-X-100 lysed monolayer solution with PBS (neat to 10^) was 
performed. This was followed by plating out lOOpl aliquots onto pre-dried BMHA plates. 
Microaerobic incubation was subsequently carried at 37°C for 24 hours. Three experiments 
were done in triplicate wells to test each of the isolates.
2.18 The in vivo Galleria mellonella virulence model assay
To investigate whether manganese and its transport had any influence on virulence,
the wild type and CJKHOl were also assessed in the Galleria mellonella infection model
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(Champion et ah, 2010; Senior et al., 2011). Galleria mellonella larvae have been shown to 
be highly susceptible to killing by pathogens including P. aeruginosa, Burkholderia mallei 
and C. jejuni. By experimentally infecting Galleria larvae and measuring survival, the 
virulence of different strains of Campylobacter can be compared (Champion et al, 2010; 
Senior et al, 2011).
G. mellonella larvae were sourced from Live Foods UK Ltd (Rooks Bridge, 
Somerset, UK) and maintained by placing them on wood chips with incubation at 15°C, 
and the Galleria were housed in 100 by 18 mm Petri dishes. For the infection experiments, 
the larvae were transferred to clean Petri dishes lined with a Whatman 1 filter paper 
(90mm) to enable the Galleria to crawl over its surface.
Campylobacter strains were grown from a -80° C stock on MHA plates for 24 hours 
at 37 °C under microaerophillic conditions. Plates were harvested and the suspension used 
to inoculate 25 mis of Bolton broth in a universal bottle filled to within 20mm of the top. 
The broth was incubated for 48 hours at 37° C. The ODsponm of each strain was measured 
in triplicate and the cell concentration adjusted to 1x10^ cfu/ml. The appropriate volume of 
culture for each strain was centrifuged at 3500rpm for 10 minutes at room temperature. 
The supernatant was discarded and the pellet re-suspended in 1ml O.IM Phosphate 
Buffered Saline (PBS) (pH 7.2) and transferred to a sterile 1.5ml Eppendorf. For each 
strain, 10 previously healthy Galleria larvae were infected one at a time by injecting lOul 
of cells in to the top right proleg using a Hamilton syringe.
Ten non-infected Galleria larvae served as control. To inoculate the larvae, sterile 
forceps were used to pick and place the larvae into Petri dishes. Using the left thumb, 
forefinger and 1ml pipette tip, the larva was pinned on its back, after which lOpl of the 
bacterial was injected into the top right proleg with a Hamilton syringe (Figure 2.2). The 
larvae were thereafter placed in groups of 10 into Petri dishes which were labelled
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appropriately. The Hamilton syringe was disinfected after each inoculation, using absolute 
ethanol and rinsed with sterile milli-Q water.
The next stage involved the incubation of the larvae for 24 hours at 37°C. Each 
infected Galleria larva was subsequently scored by assessing the larvae colour and 
counting the number of dead larvae in every petri dish. Scoring was also done by observing 
for the presence of diarrhoea and whether the larvae could easily turn over if placed on 
their backs. The larvae were subsequently euthanized by subjecting them to a temperature 
of -20°C for 30 minutes, before disposal by autoclaving.
Galleria larvae 
(on its back)
Proleg
Filter Paper
Autoclave tap
1ml pipette tip
Figure2.2: Shows the positioning of Galleria during injection. Care was taken to ensure no 
air bubbles were in the syringe the positioning of Galleria during injection.
2.19 Statistical analysis
Statistical analysis was performed by using the Students t-test (two tailed) or two-way 
ANOVA with Bonferroni post-tests, as appropriate using GraphPad Prism software 
(version 5.02, GraphPad Software Inc., USA). Unless otherwise stated, experiments were 
done in triplicates. Values are expressed as mean ± SBM. In all cases, statistical
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significance was concluded if the 2-tailed probability was *P<0.05, **P<0.01 or 
***p<0.001.
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CHAPTER THREE
An investigation into the response 
of Campylobacter jejuni to 
manganese
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3. An Investigation into the response of Campylobacter jejuni to
manganese
3.1 Introduction
Campylobacters are considered to be highly sensitive towards oxygen and its 
reduction products probably as a consequence of their microaerophilic nature (Park, 2002); 
however, these bacteria have been shown to be able to grow and multiply in the presence 
of air under certain conditions (Jones et ah, 2003).
Cations are essential micronutrients for the growth and survival of bacteria in 
different environments, including sites within higher organisms. One strategy utilised by 
host organisms to inhibit bacterial growth is by limiting the availability of metal ions 
through high-affinity metal binding proteins (Corbin et al., 2008). Bacteria have developed 
both metal ion-chelating mechanisms and high-affinity transport systems, thereby enabling 
them to acquire essential metals in vivo. The study of the systems involved in the 
acquisition of Fe% and Mn^^ have led to these ions being increasingly recognised as 
critical micronutrients (Ogunniyi et al., 2010). Iron is reported as a crucial metal for 
Campylobacters, required for their metabolism and growth, and various mechanisms have 
evolved which enable this genus to acquire iron from the surrounding environment or from 
a human or animal body (Van Vliet et al, 2002). This enables them to colonise and survive 
inside a host’s intestine, as free iron in the host is usually bound to lactoferrin and 
transferrin (Miller et ah, 2008).
Manganese homeostasis has emerged as the subject of several studies in the field of 
biology, and several investigations have demonstrated that manganese homeostasis plays a 
fundamental role in the augmentation of virulence in some pathogens (Jakubovics and 
Jenkinson, 2001; Kehres and Maguire, 2000). Previous studies have revealed that the 
accumulation of manganese (Mn^^) in Neisseria gonorrhoeae provides protection against 
O2 and H2O2 related killing mechanisms via processes that are independent of superoxide
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dismutase (SOD) (Tseng et al., 2001) and catalase (Seib et al., 2004). Furthermore, several 
bacteria have been shown to use Mn^^ as an essential cofactor for many enzymes, some of 
which are important for bacterial growth and survival under oxidative stress, for instance 
Enterococcus faecalis (Singh et al., 1998), Streptococcus mutans (Kitten et al., 2000), 
Yersinia pestis (Bearden and Perry, 1999), Lactobacillus plantarum (Archibald and 
Fridovich, 1981), Escherichia coli (Silver and Lusk, 1987), and N. gonorrhoeae (Tseng et 
al., 2001). Borrelia burgdorferi, the bacterium that causes Lyme’s disease, has also been 
shown to have an obligate requirement for manganese (Posey and Grerardini, 2000; 
Troxell, 2013). The role of Mn^^ is virtually indistinguishable in L. plantarum and B. 
burgdorferi, from that of iron in other bacteria, and these species have dispensed with their 
requirement for Fe^^ altogether (Archibald, 1986; Posey and Gherardini, 2000). In 
addition, many species of Streptococcus are also able to grow in the absence of iron 
(Spatafora and Moore, 1998; Niven et al., 1999; Jakubovics et al., 2000).
The role and transport of manganese in bacteria is discussed in detail in the main 
introduction section 1.15, and will not be repeated here. However, the response of 
Campylobacters to this element has not been characterized previously, despite its obvious 
importance in other bacteria, and thus the aim of this section of work was to determine the 
response of Campylobacters to manganese.
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3.2 Results
3.2.1 The survival of C jejuni in the absence or presence of MnS0 4
As manganese has been shown to alleviate oxidative stress in a variety of other 
bacteria (Papp-Wallace and Maguire, 2006 Anjem et al, 2009; Eijkelkamp et al, 2014) the 
survival of C  jejuni NCTC 11168 incubated under aerobic conditions, where oxidative 
stress would be expected to be present, was assessed in the presence or absence of MnS0 4  
(Figure 3.1). Cells were incubated aerobically in MHB supplemented with MnS0 4  at 25°C 
with shaking at 150 rpm, and cell survival was evaluated by plate counting using MHA. 
Cells incubated in the absence of MnS0 4  were used as the control. It was observed that the 
two higher concentrations of MnS0 4 , (500 and lOOOjiM) brought about a rapid decrease in 
viability and no viable bacteria were detected after 5 hours incubation at either 
concentration. As expected, in the absence of the addition of manganese, Campylobacter 
viability declined steadily when exposed to the air by 4-logs over the duration of the 
experiment. The addition of 50pM MnS0 4  had little effect on survival compared to the rate 
measured in the absence of manganese. Interestingly, counts of cells exposed to 100 and 
250 pM MnS0 4  were consistently 1-log higher than those measured in cultures incubated 
in the absence of this compound. In addition for cells incubated in the presence of these 
two concentrations of manganese, viability persisted for at least 118 hours, whereas at the 
same time, viability fell to undetectable levels in flasks containing no manganese.
Based on these findings it was decided to assess the survival of C. jejuni in the 
presence and absence of 100 pM MnS0 4  in more detail, by including more sampling points 
during the initial survival period. The results of this experiment are shown in Figure 3.2 
and confirm the initial findings It is noticeable though that the protective effect of MnS0 4  
becomes more marked from six hours onwards. At the end of the experiment (12 hrs.) the 
difference in levels of viability between cultures containing manganese or not was over 1- 
log.
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Figure 3.1: Survival of C. jejuni NCTC 11168 in MHB under aerobic conditions in the 
presence of different concentrations (50, 100, 250, 500 and 1000 pM) of MnS0 4 . Error 
bars represent the standard deviation for n=3. The arrows pointing down at 5 and 108 hours 
show that the limit of detection had been reached for these samples, *** P<0.0001 
compared to control, ôôô P<0.0001 compared to control.
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Figure 3.2: Survival of C. jejuni NCTC 11168 in MHB under aerobic conditions in the 
presence or absence of 100 pM MnS0 4 . Error bars represents the standard deviation for 
n=3.
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3.2.2 The survival of C. jejuni in media containing MnCl]
To determine whether the effect observed for the survival of C. jejuni in the presence 
of MnS0 4  was as a result of the effect of manganese ions (cation) or sulphate ions (anion), 
a study using MnCli in place of MnSÛ4 was undertaken. Cells were incubated aerobically 
in MHB supplemented with MnCli and MnS0 4  at 25°C with shaking at 150 rpm, and cell 
survival was evaluated by plate counting using MHA. Cells incubated in the absence of 
MnCl] were used as the control. From the results (Figure 3.3) it was clearly observed that 
when the cells were grown in the presence of MnCli then the survival of C. jejuni was 
similar to that observed when the cells were supplemented with MnS0 4 , suggesting that the 
protective affect is due to Mn^^ and not the anion. Interestingly, the cells from the control 
experiment with no addition of manganese died after 108 hours, whereas cells treated with 
MnCl] and MnS0 4  died at 115 and 141 hours, respectively. Therefore, it would seem that 
SO4 ions may also have some small additional protective role during prolonged survival.
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Figure 3.3: Survival of C. jejuni NCTC 11168 in MHB under aerobic conditions treated 
with either 100 pM of MnCC or MnS0 4 . The plot represents three independent 
experiments performed in triplicate. Downward arrows indicate when the cell count was 
below the limit of detection, *** P<0.0001 compared to control, ôôô P<0.0001 compared 
to control.
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3.2.3 Comparison of the effect of MnS0 4  on the survival of other C. jejuni strains
The next experiments set out to determine whether or not MnS0 4  protected other 
strains of C  jejuni during aerobic survival. The strains chosen were C jl  and CJ2, two 
environmental isolates obtained from the Veterinary Laboratory Agency, Weybridge, UK, 
and NCTC 11351 and NCTC 480 which were obtained from the National Collection of 
Type Culture, Colindale, UK. Cells were incubated aerobically in MHB supplemented with 
MnS0 4  at 25°C with shaking at 150 rpm, and cell survival was evaluated by plate counting 
using MHA. Cells incubated in the absence of MnS04 were used as the control. The data 
for the survival of these strains is shown in Figures 3.4-3.7, and in the absence of MnS0 4  
survival was similar for all strains. Whilst the presence of 1000 pM MnS0 4  was 
bactericidal for all the strains, some differences in tolerance to this agent were observed, 
with viable cells of C jl  and NCTC 11168 being detectable until 28 hours and CJ2 and 
NCTC 450 cells remaining at detectable levels until at least 48 hours. When survival was 
assessed in the presence of 500 pM MnS0 4 , the number of C jl, CJ2 and NCTC 11351 
cells fell to undetectable levels within 54 hours, whereas the NCTC 450 cells remained at 
detectable levels for 80 hours. The addition of 50 pM MnS0 4  had little influence on 
survival, but in all cases the addition of 100 or 250 pM MnS0 4  promoted survival. This 
was most notable in the length of survival as in the absence of this agent, all cell 
populations had fallen to undetectable levels by 110 hours and in its presence survival 
extended beyond this (Figures 3.4-3.7).
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Figure 3.4: Survival of C.jl in MHB under aerobic conditions in the presence of 50, 100, 
250, 500 and 1000 pM MnS0 4 . Error bars represents the standard deviation for n=3. The 
arrows pointing down indicate the time when all cells had died.
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Figure 3.5: Survival of C.j2 in MHB under aerobic conditions in the presence of 50, 100, 
250, 500 and 1000 pM MnS0 4 . Error bars represents the standard deviation for n=3.The 
arrows pointing down indicate the time when all the cells had died. *** P<0.0001 
compared to control, 555 P<0.0001 compared to control.
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Figure 3.6: Survival of C. jejuni NCTC 11351 in MHB under aerobic conditions in the 
presence of 50, 100, 250, 500 and 1000 pM MnS0 4 . Error bars represents the standard 
deviation for n=3. The arrows pointing down indicate the time when all the cells had died. 
*** P<0.0001 compared to control, ôôô P<0.0001 compared to control.
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Figure 3.7: Survival of C. jejuni NCTC 450 in MHB under aerobic conditions in the 
presence of 50, 100, 250, 500 and 1000 pM MnS0 4 . Error bars represents the standard 
deviation for n=3.The arrows pointing down indicate the time when all the cells had died. 
*** P<0.0001 compared to control, ôôô P<0.0001 compared to control.
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3.2.4 The effect of MnS0 4  on the survival of C jejuni and C. coli strains
The next experiments set out to determine whether or not the protective effect of 100 
pM MnS0 4  extended to another species of Campylobacter, namely C. coli, and this was 
assessed using three strains, C. coli NCTC 12110, C. coli NCTC 11350 and C  coli NCTC 
11437 (Figure 3.8-3.10). Cells were incubated aerobically in MHB supplemented with 
MnS0 4  at 25°C with shaking at 150 rpm, and cell survival was evaluated by plate counting 
using MHA. Cells incubated in the absence of MnS0 4  were used as the control. The 
presence of 100 pM MnS0 4  enhanced the survival of all three C. coli strains, and resulted 
in an increase in viability of 1-log and extended the survival time from the 108 hours 
observed in its absence to at least 118 hours.
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Figure 3.8: Survival of C. coli NCTC 12110 in MHB under aerobic conditions in the 
presence of 50, 100, 250, 500 and 1000 pM MnS0 4 . Error bars represents the standard 
deviation of n=3. *** P<0.0001 compared to control, 555 P<0.0001 compared to control.
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Figure 3.9: Survival of C. coli NCTC 11437 in MHB under aerobic conditions in the 
presence of 50, 100, 250, 500 and 1000 pM MnS0 4 . Error bars represents the standard 
deviation of n=3 ** P<0.001 compared to control, 55 P<0. 001 compared to control.
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Figure 3.10: Survival of C. coli NCTC 11350 in MHB under aerobic conditions in the 
presence of 50, 100, 250, 500 and 1000 pM MnSÛ4. Error bars represents the standard 
deviation of n=3.
3.2.5 The effect of different concentrations of MnSO4  0 n C. jejuni NCTC 11168 
exposed to microaerobic conditions
The next experiment sought to determine whether or not the presence of manganese 
influenced the survival and growth of C. jejuni NCTC 11168 when cells were exposed to a 
microaerobic atmosphere instead of an aerobic one. Cells were incubated microaerobically
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in MHB supplemented with MnS0 4  at 37°C with shaking at 150 rpm, and cell survival and 
growth was evaluated by plate counting using MHA. Cells incubated in the absence of 
MnS0 4  were used as the control. As had been shown previously, the higher concentrations 
of MnS0 4  still proved to be bactericidal, and exposure to 500 pM and 1000 pM MnS0 4  
resulted in the complete loss of viability after 5 hours, suggesting that MnS0 4  is again 
toxic at high levels. In the absence of this compound, growth occurred up to 80 hours, at 
which point cells entered the stationary phase and viability began to decline steadily. 
Survival and growth was similar in the presence of 50 pM MnS0 4  but in the presence of 
100, and 250 pM MnS0 4 , there was a slight growth enhancement. In both eases, the 
increase in growth observed was less than 1-log and the presence of this compound did not 
extend the survival period as had been observed previously during exposure to an aerobic 
environment. Consequently, it appears that the protective effect of MnS0 4  is more marked 
during exposure to air (Figure 3.11).
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Figure 3.11: Growth and survival of C. jejuni NCTC 11168 in MHB under microaerobic 
conditions in the presence of 50, 100, 250, 500 and 1000 pM MnS04. The plot shows five 
independent experiments done in triplicate. Downward arrows indicate when the cell count 
was below the limit of detection. *** P<0.0001 compared to control, ôÔô P<0.0001 
compared to control.
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3.2.6 The effect of MnS0 4  on other non-microaerophilic food-borne pathogens
The next experiment was carried out to determine whether MnS0 4  influenced the 
survival of other aerobic foodbome pathogens or whether the protective effect was specific 
to the microaerophilc Campylobacters (Figure 3.12). As before, cells were incubated 
aerobically in MHB supplemented with MnS0 4  at 25°C with shaking at 150 rpm, and cell 
survival was evaluated by plate counting using MHA. Cells incubated in the absence of 
MnS0 4  were used as the control. In contrast to C. jejuni, and as expected. Salmonella 
Typhimurium and Listeria monocytogenes survived in an aerobic atmosphere. In addition, 
the growth and survival of these pathogens was similar in both the presence and absence of 
100 pM MnS04.
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Figure 3.12: Survival of the aerobic food-borne pathogens, S. Typhimurum and L. 
monocytogenes, in the presence of 100 pM MnS0 4 . Error bars represents the standard 
deviation of n=3.
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3.2.7 Assessing the protective effect of manganese against peroxide and superoxide
stress in C. jejuni, using the disc diffusion assay
In studies on other bacteria, manganese has been shown to be protective against 
general oxidative stress and also against specific stressors like superoxide radicals and 
hydrogen peroxide (Papp-Wallace and Maguire, 2006; Valeria and Michae, 2013: 
Eijkelkamp et ah, 2014). In order to determine whether manganese could provide the same 
protection to Campylobacters, the resistance of C. jejuni to hydrogen peroxide and 
superoxide radicals (generated by methyl viologen) was assessed by using disc diffusion 
assays in the absence or presence of this element. For both hydrogen peroxide and methyl 
viologen, the presence of 100 pM MnS0 4  led to a reduction in the size of the zone of 
inhibition as compared to that measured in the absence of this compound (Figure 3.13), 
suggesting that manganese provides protection against both these forms of oxidative stress. 
However, it should be noted that Mn can react chemically and directly with reactive oxgen 
species, and that this non-enzymatic reaction may also explain the protective effect.
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Control 100 pM MnSOü
Diameter of disk inhibition zone {mm}^
Stress inducer Initial 
concentration on 
disk
NCTC
11168
100 pM MnS04
Methyl viologen (MV) 3% (w/v) 38.2 ±0.3 36.2 ±0.4
Hydrogen peroxide 
(H2 O2 )
3% (w/v) 28.4± 0.3 26.3± 0.4
Figure 3.13: Sensitivity of C. jejuni NCTC 11168 to a range of stress-inducing agents, 
including methyl viologen 3 %( w/v) and hydrogen peroxide 3 % (v/v) in the presence 
/absence of 100 pM MnS0 4  as assessed in a plate diffusion assay. This experiment was 
repeated six times and the errors represent the mean of NCTC11168 under the MV stress 
and H2O2 respectivly which were 38.2±0.3, 28.4±0.3 while after adding the lOOuM 
MnS0 4 , the mean of NCTC 1168 were as 36.2±0.4 and 26±.04 respectively.
3.2.8 Determination of viability during survival in the presence or absence of
MnS0 4  using the LIVE/DEAD BacLight Bacterial viability assay
To provide an alternative measure of viability, during Campylobacter survival, in 
addition to plate counting the LIVE/DEAD J5acLight assay (Life Technologies) was also 
used to determine the viability of Campylobacter cells .This system uses two stains. The 
SYTO 9 green-fluorescent nucleic acid stain and the red-fluorescent nucleic acid stain 
propidium iodide. When used by itself the SYTO 9 stain generally labels all bacteria 
within a population (i.e those with intact and damaged membranes), whilst propidium
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iodide only penetrates bacterial cells with damaged membranes. When both dyes are 
present in the cytoplasm of a bacterial cell, the propidium iodide causes a reduction in 
SYTO 9 fluorescence. In consequence, bacteria with intact cell membranes (living cells) 
stain fluorescent green (due to the uptake of SYTO 9 and not propidium iodide) whereas 
those with damaged membranes (dead or dying cells) stain fluorescent red (due to uptake 
of both dyes). When aerobic survival was studied in the absence and presence of MnS0 4  as 
has been shown previously, manganese increased and prolonged survival as measured by 
plate counting. When viability was assessed at 109 hours for all survival experiments, 
using the LIVE/DEAD BacLight assay, the results reflected those obtained by plate 
counting with cell viability in the no added manganese control being much lower than for 
cells which were exposed to 100 and 250 pM MnS0 4  (Figure 3.14.).
3.2.9 The effect of uric acid on Campylobacter survival
Uric acid has been shown to be a powerful antioxidant (Ames et al., 1981)) and is 
naturally present in high concentrations in poultry faeces (Nahm, 2003). Furthermore, it 
binds to transition metal ions resulting in complexes that minimise metal- catalysed 
oxidation (Zhen Ma et al, 2009). In order to determine whether the antioxidant activity of 
uric acid could protect Campylobacters during aerobic survival, Campylobacter survival 
assays were carried out in liquid systems. Since uric acid does not dissolve at higher 
concentrations, the powder form was used in powder/liquid slurries. Uric acid was added 
to 100 ml MHB to give different concentrations of 0.05%, 0.1%, 1%, 5% (w/v) and cells 
were incubated aerobically in MHB at 25°C with shaking at 150 rpm, and cell survival was 
evaluated by plate counting using MHA. It should be noted here that the solubility of uric 
acid in water is 0.06% (w/v) so that all solutions used here were effectively saturated. Cells 
ineubated in the absence of uric acid were used as the control. Figure 3.15 demonstrates 
that uric acid does not increase the viability of C. jejuni during aerobic survival. To the
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contrary, in the presence of 10% (w/v) uric acid a more rapid decline in cell viability was 
observed and the cell count fell to undetectable levels after just 78 hours.
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Figure 3.15: Survival of C. jejuni NCTC 11168 in MHB under aerobic conditions in the 
presence of different concentrations of uric acid. Data shown are the mean of three 
independent experiments. Bars indicate one standard error of the mean. Downward 
pointing arrows indicate that the count was below the limit of detection.
3.2.10 The influence of manganese on Campylobacter recovery when added to the
plate counting agar
In this study MnS0 4  had been shown to enhance Campylobacter survival when 
added to liquid media. When assessing survival the assays were performed using liquid 
systems, with bacteria incubated under aerobic conditions. The next experiment then 
sought to determine if the inclusion of this element in the media used for plate counting 
could enhance the recovery of Campylobacter cells. C. jejuni was incubated under 
microaerophilic conditions on plates supplemented with 50 pM, 100 pM and 250 pM of 
MnS0 4  .Bacteria cell counts were conducted using the Miles and Misra plate count 
technique, briefly cells were incubated aerobically in MHB at 25°C with shaking at 150 
rpm, and cell survival was evaluated by plate counting using MHA supplemented with 
various concentrations of MnS0 4  (Figure 3.16-3.17). The results demonstrate that the 
recovery of Campylobacter cells was not influenced by the presence or absence of MnS0 4
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(50 |iM, 100 |iM and 250 |aM) in the recovery media despite it showing a protective effect 
in liquid media.
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Figure 3.16: Survival of C. jejuni NCTC 11168 in MHB under aerobic conditions at 25°C 
and shaken at 150 rpm, where the viable count was determined using MHA plates 
supplemented with no MnS0 4  or with 50 pM, 100 pM and 250 pM MnS0 4 . Plates were 
incubated in microaerophilic conditions at 37 °C. The plot shows three independent 
experiments conducted in triplicate. Downward arrows indicate when the cell count was 
below the limit of detection.
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Figure 3.17: Survival of C. jejuni NCTC 11168 in MHB under microaerobic conditions at 
25°C and shaken at 150 rpm, where the viable count was determined using MHA plates 
supplemented with no MnS0 4  or in the presence of 50 pM, 100 pM and 250 pM MnS0 4 - 
Plates were incubated in microaerophilic conditions at 37 °C. The plot shows three 
independent experiments conducted in triplicate.
3.2.11 The effect of the late addition of manganese on late stage cell survival
To determine whether manganese would be an effective addition during the last
stages of cell survival, Campylobacter viability was assessed at 25 °C in a liquid assay
Cells were incubated aerobically in MHB at 25°C with shaking at 150 rpm, with either 100
pM or 250 pM MnS0 4  added at either 77 or 107 hours. Cell survival was evaluated by
plate counting using MHA and plates incubated under microaerophilic conditions at 37°C
for 48 hours Cells incubated in the absence of MnS0 4  were used as the control. As can be
seen in Figures 3.18 and 3.19, the late indication of MnS0 4  had little effect on the
subsequent viability of Campylobacter cells. This experiment was next repeated but the
MnS0 4  was added after 46 hours of survival. In this situation, the addition brought about a
subsequent increase in survival of about 1-log unit (Figure 3.20). When these samples
were assessed using the BacLight LIVE/DEAD assay, then improved viability of cells was
observed for the culture with lOOpM MnS0 4  compared to the control. At about 119 hours
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15% of the bacteria were alive when manganese was present, as against 8.9% in the control 
culture (Figure 4.20).
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Figure 3.18: Survival of C. jejuni NCTC 11168 in MHB under aerobic conditions at 25°C 
and shaken at 150 rpm following the addition of different concentrations of MnS0 4  added 
at 107 hours (dashed line). Data shown are a mean of three independent experiments. Bars 
indicate one standard error of the mean. Downward pointing arrows indicate that the count 
was below the limit of detection.
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Figure 3.19: Survival of C. jejuni NCTC 11168 in MHB under aerobic conditions at 25°C 
and shaken at 150 rpm following the addition of different concentrations of MnS0 4 , added 
at TVhours (dashed line). Data shown are a mean of three independent experiments. Bars 
indicate one standard error of the mean. Downward pointing arrows indicate that the count 
was below the limit of detection.
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3.3 Discussion
C. jejuni is considered to be a major cause of foodbome disease in many
industrialised countries, and many efforts have been made to decrease the rate of infection
in humans. C. jejuni is an unlikely foodbome pathogen, as it is highly sensitive to many
environmental conditions and needs microaerophilic conditions in which to grow and
multiply (Park, 2002). Campylobacters are highly sensitive to oxygen and its reduction
products, and they are generally considered to be microaerophilic (Park, 2002). Their
major defence mechanism against oxidative stress has been shown to be the enzyme,
superoxid dismutase (SodB), which requires iron as a co-factor and catalyses the
conversion of oxygen radicals to hydrogen peroxide and dioxygen. This enzyme is vital for
Campylobacter survival intracellularly (Pesci et al., 1994), as well as in air, model food
systems (Purdy et al., 1999), and during colonisation of an avian host (Ahmed et al.,
2002). Other well characterised oxidative stress resistance mechanisms include alkyl
hydroperoxide reductase (AhpC) (van Vliet et al., 1999) and catalase, which converts the
hydrogen peroxide, produced by SOD, into oxygen and water (Day et al., 2000; Zheng
and Storz, 2000; Chelikani et ah, 2004) Recently, elevated concentrations of manganese
have been shown to confer protection against oxidative stress for certain bacteria, such as
B. burgdorferi, which also appears to have an obligate requirement for manganese (Posey
and Gherardini, 2000). Moreover, manganese has distinguishable features to iron, for
instance, E.coli cells contain iron at levels of more than five-fold that of manganese (Posey
and Gherardini, 2000). In addition, in these bacterial cells iron and copper ions are
particularly deleterious because they catalyse Fenton-type reactions that generate
damaging hydroxyl radicals (Pierre and Fontecave, 1999). In contrast, manganese has been
found to be highly soluble and does not catalyse hydroxyl radical formation (Chenton and
Archibald, 1988). Many types of bacteria have developed defence mechanisms that are
dependent on manganese as a way to remove reactive oxygen species (ROS) and reactive
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nitrogen species (RNS) (Arirachakaran et al, 2007; Abiodun, 2010; Wu et a l, 2010). 
Both Gram negative and positive bacterial pathogens are also selective in their 
accumulation of Mn^^ and given its role in oxidative stress resistance, transport and 
homeostasis of this ion might be related to the virulence of infectious diseases caused by S. 
Typhimurium, E. coli (Kehres et ah, 2000; Makui et a l, 2000) and Yersinia pestis 
(Bearden and Perry, 1999). Additionally, several studies have demonstrated that the 
maintenance of the intracellular Mn^^ concentration during homoeostasis may play a 
fundamental role in the activity of enzymes (Gerlach, et a l, 1998). However, the 
importance of Mn^^ is not limited to enzyme-mediated catalysis. For instance, manganese 
ions can detoxify a variety of ROS, and also protect cells that lack enzymatic defences. In 
particular, the accumulation of Mn^^ by the MntABC transport system in N. gonorrhoeae 
has been shown to protect these cells against ROS (Seib et ah, 2004).
In this study the impact of manganese on the survival of Campylobacters was 
investigated for the first time. At higher concentrations (500 and lOOOpM) MnS0 4  brought 
about a rapid decrease in viability and no viable bacteria were detected after 5 hours 
exposure to this agent. The sensitivity of Campylobacters to Mn seems to be similar to that 
measured in N. gonorrhoeae and reported by Hsing et a l  (2001), who also demonstrated 
that significant growth inhibition occurred when 200 pM of MnS0 4  or more was added to 
media (Hsing et al., 2001). This toxic effect was also observed in Bacillus 
stearothermophilus, where the addition of over 300 pM of manganese inhibited bacterial 
growth (Cheung et al, 1982). In contrast, a concentration of 50 pM MnS0 4  has been 
shown to inhibit Streptococcus mutans (Arirachakaran et al, 2007) and Thermus 
thermophiles (Whittaker et al, 1999), whereas L. plantarum was inhibited by just 30-35 
pM of MnS0 4  (Archibald, 1986).
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In Campylobacters, at lower concentrations (100 and 250 pM) , this current study 
has shown for the first time, that the element confers a protective effect during aerobic 
survival as viability counts were consistently 1-log higher than those measured in cultures 
that had been incubated in the absence of MnS0 4 . These results are also consistent with 
those seen for N. gonorrhoeae where 100 pM MnS0 4  was shown to confer resistance to 
oxidative stress (Tseng et al, 2001). Another study by the same group (Tseng et al, 2006) 
demonstrated that Neisseria meningitidis was significantly more resistant to manganese 
than N. gonorrhoeae, indicating that Mn^^ homeostasis in the two species is probably quite 
different. The protective affect observed in this current study was demonstrated to be 
dependent on the Mn cation, as when MnS0 4  was replaced with MnCl2 a similar effect on 
survival was also observed. When the survival of the C. jejuni strains NCTC I I 168, C jl, 
CJ2, NCTC 11351 and NCTC 480 and the C. coli strains NCTC 11350 NCTC 12110 and 
NCTC 11437 were assessed, then in all cases viability was increased in the presence of 100 
and 250 pM MnS0 4 . The effect also appears to be specific for Campylobacters, as these 
concentrations of manganese had little effect on the survival of the aerotolerant foodbome 
bacterial pathogens, S. Typhimurium and L. monocytogenes.
The use of the BacLight LIVE/DEAD assay provided an alternative method of 
assessing viability and can also be used to identify intermediate states of existence of 
bacteria for instance when they are alive but, are injured or presumed dead (Micheal et al, 
2007). When this assay was used in parallel with plate counting, similar profiles in 
viability were seen with respect to the presence or absence of manganese confirming its 
role in the defence against oxidative stress in Campylobacters.
Manganese is clearly a protective factor during the aerobic survival of 
Campylobacters and in studies on other bacteria, this element has been shown to be 
protective against, not only general oxidative stress but also against specific stressors like
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superoxide radicals and hydrogen peroxide (Nicholas et al., 2002:Papp-Wallace and 
Maguire, 2006; Valeria and Michae, 2013: Eijkelkamp et al, 2014). In order to determine 
whether manganese could provide the same protection to Campylobacters, the resistance of
C. jejuni to hydrogen peroxide and superoxide radicals (generated by methyl viologen) was 
assessed by using disc diffusion assays in the absence or presence of this element. The 
results of this experiment demonstrated that C. jejuni, was slightly more resistant to both 
superoxide radicals and hydrogen peroxide in the presence of 100 pM MnS0 4  than 
without it. In both cases, there was a decrease in the zone of killing when lOOpM of 
MnS0 4  was present compared with the control and its ability to protect cells against these 
individual stressors might account for its protective role during aerobic survival. Indeed, 
manganese has been shown to perform antioxidant functions in some bacteria, such as L. 
plantarum, which are independent of SOD activity (Harris, 1992; Lah et al, 1995). 
Moreover, manganese has been shown to detoxify reactive oxygen species by non- 
enzymatic mechanisms (Daly et al, 2010)) and can displace and substitute for iron in the 
active sites certain iron proteins, and in doing so, prevent oxidative damage to the protein 
(Sobata and Imlay, 2011). Previous studies have also shown that the accumulation of 
manganese in N. gonorrhoeae provides protection against O2 and H202-related killing 
mechanisms via processes that are independent of superoxide dismutase (SOD) (Tseng et 
al, 2001) and catalase (Seib et al, 2004) and again this is consistent with this current study 
in C. jejuni.
As discussed above, MnS0 4  has been shown to enhance Campylobacter survival
when added to liquid media and exposed to air. It was possible then, that the inclusion of
this element in the media used for plate counting could enhance the recovery of
Campylobacter cells. However, when manganese (50 pM, 100 pM and 250 pM) was
incorporated into the recovery of media used to count cells from survival experiments, the
recovery of viable cells was not influenced by its presence or absence of MnS0 4  despite it
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showing a protective effect in liquid. This finding raises the possibility, that manganese 
prevents damage due to oxidative stress and that once this damage has occurred it cannot, 
along with cell viability, be reversed. In order to investigate this further, aerobic survival 
experiments were carried out initially in the absence of manganese and then this element 
was then added at either 46, 77 and 107 hours. At 46 hours the addition of 100 pM MnS0 4  
did not immediately reverse the decline in cell viability, but it did provide a protective 
effect thereafter compared to control cells which were further incubated in its absence. 
This protective effect was not seen when manganese was added at 77 and 107 hours 
suggesting that at these later stages of survival that the cells were too damaged to benefit 
from manganese protection.
Uric acid has also been shown to be a powerful antioxidant (Ames et al, 1981) and 
is naturally present in high concentrations in poultry faeces (Nahm, 2003). It is possible 
then that this compound, like manganese, could also protect Campylobacters during aerobic 
survival. However, this current study demonstrated that uric acid does not increase the 
viability of C. jejuni during aerobic survival. To the contrary, in the presence of 10% (w/v) 
uric acid, a more rapid decline in cell viability was observed and the cell count fell to 
undetectable levels after just 78 hours. Thus although uric acid is a powerful antioxidant 
((Santos et al, 1999; Simoyi et al, 2003; Hennebry et al., 2012), it did not offer any 
protective effect to Campylobacters despite the fact that the bacteria would be exposed to 
high concentrations of this in poultry faeces.
91
CHAPTER FOUR
Characterisation of a putative 
manganese transport system in 
Campylobacter jejuni
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4.1 Introduction
Manganese (Mn) is an important trace element for bacteria. The regulation of Mn 
homeostasis in bacteria involves both transporter activity regulation and the transcriptional 
regulation of gene expression (Bhattacharyya-Pakrasi et al, 2002). The genes responsible 
for Mn^^ transport have been well characterized in many bacteria. The mntCAB operon of 
Synechocystis 6803 which encodes an ATP-binding cassette transporter (ABC transporter) 
was the first of such systems to be described (Bartsevich et al, 1995). In addition to ABC- 
permease transporters, bacteria also possess Nramp-Mn^^ transporters. Both types of 
transporters carry Mn only as divalent ions. While effectively all bacterial genomes contain 
one or both of the aforementioned types of Mn^ "^  transporters, Lactobacilli have a third 
type of transporter called the Mn^^ transporting P-type ATPase (Papp-Wallace and 
Maguire, 2006).
ABC transporters in Gram-positive bacteria have as components, lipoproteins that 
are tethered to the extracellular membrane and thus serve as extra-cellular cation-binding 
proteins. They also contain cytoplasmic ATP-binding proteins as well as transmembrane 
(integral) proteins, which are involved in the influx of metallic ions. ABC transporters of 
Gram-negative bacteria are similar to those of Gram-positive bacteria but lack the 
lipoproteins on the extracellular membrane. Instead, they possess soluble periplasmic 
cation-binding proteins. Knowledge on the structure of Nramp transporters is incomplete , 
but the lengths of these transporters have been reported as 450 and 350-560 amino acids in 
prokaryotes and eukaryotes, respectively (Papp-Wallace and Maguire, 2006).
Mn transporters have been shown to play important roles in the growth and virulence 
of bacteria. For example, simultaneous mutation in both the ABC-permease and Nramp 
transporters of Salmonella enterica serovar Typhimurium has been shown to attenuate
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virulence in these bacteria. This underscores the importance of Mn^^ and its transporters in 
bacterial pathogenesis (Kehres and Maguire, 2003).
\
. 2+Expression of Mn transporters is primarily regulated by the presence or absence of 
Mn^^ via the Mn^^-dependent repressor, MntR. The Mn ABC-permease complexes, as 
described in Synechocystis 6803, are strictly regulated and are activated even when Mn^^ 
concentration is too low for bacteria to grow (Bhattacharyya-Pakrasi et al, 2002). 
Additionally, the presence of reactive oxygen species may also trigger sensors which may 
also play a role in the regulation of Mn^^ transport. In the presence of Mn^^, MntR 
represses Mn^^ transporters. In their study of Mn homeostasis in Bacillus subtilis, Que and 
Helmann (2000) showed that MntR, a diphtheria toxin-repressor (DtxR) protein, is 
involved in the regulation of Mn^^ acquisition in the bacteria. A similar role for ScaR, 
which is homologous to MntR, in Streptococcus gordonii, has also been demonstrated 
(Jakubovics et al, 2000).
The Mn uptake system has been characterised genetically and biochemically 
(Portesvich and Pakrasi, 1995) in N. meningitidis (Wilks et al, 1998), Lactobacillus 
plantarum (Archibald and Fridovich, 1981) and W. gonorrhoae (Hsing-Tesing et al, 2001). 
MntA and MntC are periplasmic binding proteins that are involved in the transport of Mn, 
and also believed to be involved in the uptake of other cations, such as zinc (Zn) and iron 
(Fe) (Dintihac et al,. 1997). An overview of all of the published Mn^^ transporters in 
bacterial species is given in Table 4-1.
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Bacterium Protein Class Mn K0.5 Other ions transported Regulators
Mycobacterium
tuberculosis Nramp Nramp
Zn2+, Fe2+, 
Cu2+
Mycobacterium leprae MntH Nramp
Bacillus subtilis MntH Nramp Fe2+ MntR
Bacillus subtilis MntABCD ABCtype Fe2+ MntR
Escherichia coli MntH Nramp G.5-1.0pM
Fe2+, Co2+, 
Cd2+
MntR, 
OxyR, Fur
Salmonella enterica serovar 
Typhimurium MntH Nramp 0.1 pM
Fe2+, Co2+, 
Cd2+
MntR, 
OxyR, Fur
Salmonella enterica serovar 
Typhimurium SitABCD ABCtype 0.1 pM
Fe2+, Co2+, 
Cd2+ MntR, Fur
Staphylococcus aureus MntH Nramp Fe2+, Cd2+ PerR, MntR
Staphylococcus aureus MntABCD ABCtype Fe2+, Cd2+ PerR, MntR
Shigella flexneri SitABCD ABCtype Fe2+ MntR
Yersinia pestis YfeABCD ABCtype Fe2+, Zn2+
Porphyromonas gingivalis FeoB2 ABCtype MntR
Streptococcus Pneumoniae PsaABC ABCtype
Streptococcus mutans SloABC ABCtype Fe2+ SloR
Streptococcus gordonii ScaCBA ABCtype 0.1-0.3 pM Zn2+ ScaR
Streptococcus gordonii AdcRCBA ABCtype
Streptococcus pyogenes MtsABCD ABCtype Fe2+, Fe3+, Zn2+
Streptococcus parasanguis FimA ABCtype Fe2+
Staphylococcus epidermidis SitABC ABCtype Fe2+ SirR
Corynebacterium
diphtheriae MntABCD ABCtype MntR
Bacillus anthracis MntA ABCtype Fe2+
Enterococcus faecalis EfaCBA ABCtype Ni2+, Zn2+, Co2+, Cu2+ EfaR
Lactobacillus plantarum MntA P-typeATPase Cd2+
Lactobacillus plantarum MntHl/2/3 Nramp
Lactobacillus plantarum MtsCBA ABCtype
Synechocystis sp. MntABC ABCtype 1-3 pM Cd2+, Co2+, Zn2+ ManR/S
Sinorhizobium meliloti SitABCD,MntABCD ABCtype Fur
Rhizobium leguminosamm SitABCD ABCtype Mur
Table 4.1: Characterised prokaryotic transport systems (Papp-Wallace and Maguire, 
2006). More information on the nature of manganese transporters and the role of this 
process in bacterial pathogenicity and physiology can be found in the main introduction.
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4.2 Results
4.2.1 The identification of a MntB homologue in the genome sequence of C. 
ye/«w/NCTC11168
The genome sequence of C. jejuni NCTC11168 was screened for the presence of 
putative manganese transporters and was shown to possess, the gene Cj0141c which was 
identified as a putative permease protein for a MntB-like ATP binding cassette transporter 
for manganese. The gene is present in an operon with Cj0143c (encoding a periplasmic 
binding component) and Cj0142c (encoding the ATP binding component). Figure 4.1 
shows the gene encoding CjOMlc in relation to other genes in the operon. .Clustal Omega 
alignment was performed in order to compare the amino acid sequence of CjOMlc with 
other similar proteins from other bacteria (Figure 4.2) CjOMlc was found to have 99% , 
87%, 50%, 30%, 30%, and 29% homology with MntB-like proteins fi*om C. jejuni 81-176, 
C. coli , Arcohactcr butzlcri , Tctragcnococcus halophilus (Tg), Enterococcus dispar 
and Enterococcus casscliflavus, respectively, 
a t t t g c a a t c a g c g a a a c c  c t c a c a t t a c c g c g a t t a a t c t c
141981....2142003 146725..146743
)  )  y  C j 0 1 3 9  0 j 0 1 4 0 % ! > ( c j o  4 i c ( c j 0 i 4 2 c  ( ( c p i 4 3 c  —  C j 0 1 4 4  ^
0.24 0.26 0.28 0.3 0.32 0.34 0.38
G C
Figure 4.1: Diagram showing the position of the CjOMlc gene, encoding a putative MntB- 
like permease position in the genome of C jejuni 11168. Also it shows the position of the 
primers on the genome used to screen for the deletion of the respective gene
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Cja------ ----- MLEILNFTFFQNALLGAILVSIACGIIGTLVMINRLFSMAGGITHGAFGGIGIAF 55
Cjb  MLEILNFTFFQNALLGAILVSIACGIIGTLVMINRLFSMAGGITHGAFGGIGIAF 55
Cc  MFEILNFTFFQNALLAAVLVSIACGWGTLVMINRLFSIAGGITHGAFGGIGIAF 55
Ab  MFEILQYDFIQNALISGILISIAAGIIGSLVWNKVTFLTGGIAHSSYGGIGLAI 55
Tg MISNFIEGLMDYHFLQNALVTSVAIGIVAGVIGCFIILRGMSLMGDAISHAVLPGVALSF 60
Ed MIAHFIAGLHDYHFLQNALITSIVIGIVSGAIGCFIILRGMSLMGDAISHAVLPGVALSY 60
EC MLTSFFTSLSNYHFLQNALITAVAIGIVAGVIGCFIILRGMSLMGDAISHAVLPGVALSY 60
: : : : *;****; :*
Cja YFSLPILLSTGIFTLFLAFLVAFLAKRYEHRSDSIIAVIWAFGMAVGIILIDLSPSYNTD 115
Cjb YFSLPILLSTGIFTLFLAFLVAFLAKRYEHRSDSIIAVIWAFGMAVGIILIDLSPSYNTD 115
Cc YFSLSILISTGIFTLFLAFLVAFLSKRYEHRSDSIVAVIWAFGMAFGIILIDLSPGYSTD 115
Ab YLGIPVLLGATIFAVITAILIAFITLKNRTRIDAIIGMMWASGMAIGIIFVDLTPGYNVD 115
Tg IIGVHYFIGAVIFGVLASILITYISQNSTIKSDTAIGITFSSFLALGVILIGIAN-SSTD 119
Ed ILGINFFVGAWFGILASVLITYIANNSTVKSDTAIGITFSSFLALGIILIGVAN-SSTD 119
EC IFGVHFFVGAIFFGILASMIITYIANNSLIKSDTAIGITFSSFLALGVILIGVAN-SSTD 119
Cja LMAYLFGSILAVGTQDLWLMALVDSVMVLLIFLFYRQFEALSFDVEFTKVRGINTSFFHY 175
Cjb LMAYLFGSILAVGTQDLWLMTLVDGMWLLIFLFYRQFEALSFDAEFAKVRGINTSFFHY 175
Cc LMAYLFGNILAVGMQDLWLMAIVDGWIVLMLLFYRQFEALSFDVEFAKVRGINTSFFHY 175
Ab LMSYLFGSIIAVSHQDIIYMTLLDVFIIAIWFFYKQILAVSYDSEFASLRGINVEFFYT 175
Tg LFHILFGNVLAVQDGDKWLTIGIAVFVIALVIIFYRSLLITSFDSNMAKAFGMHVQFYHY 179
Ed LFHILFGNVLAVQDIDKWITISIAAWLLLLIIFYRPLLLTSFDPMMAKAFGMQVNRYHY 179
EC LFHILFGNVLAVQDSDKWLTIAIAILVLAVIILFFRPLLITSFDPMMAKAFGMKVQAYHY 179
* * * • » * *
Cja
Cjb
Cc
Ab
Tg
Ed
EC
Cja
Cjb
Cc
Ab
Tg
Ed
EC
LLIALMAFCIVISIRLVGLILVMALLSIPSFIAENFTKRLGFIMILASFLSMIFCILGLI 235
LLIALMAFCIVISIRLVGLILVMALLSIPSFIAENFTKKLGFIMILASFLSMIFCILGLI 235
LLIALMAFCIVISIRLVGIILIMALLSIPSFIAENFTKKLGLIMILASVLSMIFCVLGLI 235
LILILSALCWAAIKAVGLILVIALLTIPTYLAETFASRLSNMMIISAILATIFTIIGLV 235
LLMILLTLVSVTAMQSVGTILIVALLVTPAATAYLYTKRLKTMIVISAILGGVSSFLGLF 239
LLMLMLTLVSVTAMQSVGTILWALLITPAATAYLFTKRLKSMILLAATLGGLSSLIGLF 239
LLMFLLTLVSVTAMQSVGTILIVALLVTPAATAYLYTKQLKHMMIlAGVLGGLASFIGLF 239
* : : : * : : : ** **;:*** * ; * *. ;
LSYYLNLSSGACIIAIACFGFLVHLIGKFLKR-----------------------------  267
LSYYLNLSSGACI lAVACFGFLMHLIGKFLKR-----------------------------  267
ISYYFNLSSGACIIAVACFGFLIHLLAKFLLKR----------------------------  268
ASYLYDISSGASIIMVAWILGWKLLKLKK------------------------------  266
IGYSFNIAAGSSIVLTAAFMFVIGFFLSPKQRLQHGKKAYFIVALIAALFAGGIGFYAYQ 299
IGYSFNIAAGSAIVLTAASLFLIGFFLSPKKVEQTKTKQRIFTVIAVMAL-IGMGMFSYQ 298
IGYSFNIAAGSSIVLTAGAFFVIGFLFSPKQKTSPVKRWSATAVLATAAV--AGGFFLAQ 297
* # * # » * #  * • • •
Figure 4.2: Clustal Omega alignment of the C. je ju n i NCTC11168 C jO M lc  sequence 
(Cja) with those of other manganese membrane permeases from from C. je ju n i  81-176 
(Cjb), C. coli (Cc), A rcobacter butzleri (Ab), Tetragenococcus halophilus (Tg), 
Enterococcus dispar  (Ed) and Enterococcus casscliflavus (Ec).
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4.2.2 Generation of a mutant deficient in Cj0141c by gene knockout
To determine whether CjOMlc did indeed encode a permease protein for 
manganese transport a strategy for constructing a knock out mutant in it was developed 
based upon the method of Corcionivoschi et ah, (2008) which involves separately 
amplifying by PCR, two fragments of the gene of interest, one downstream and one 
upstream, next combining these to generate a unique restriction site into which an 
antibiotic marker can be introduced. The generic cloning’s vector pBluescrip II was used 
as the backbone parent vector for the CjOMlc gene knockout construct. This was because 
pBluescript II contained the desired Xba\, Spel, and Notl restriction sites. The general 
strategy was to introduce a PCR amplified product representing the 5-prime region of 
CjOMlc (flankl), into the Xbal and Not\ restriction sites of pBluescriptll, and then to 
introduce a PCR product, representing the 3-prime region into the Xba\ and Spe\ 
restriction sites. In order to disrupt the gene and to provide an antibiotic marker for 
selection, the Campylobacter kanamycin resistance gene from pJMK30 was cloned into the 
Xbal site separating the two flanking fragments of CjOMlc.
4.2.3 PCR amplification of DNA fragments
Three fragments of DNA were amplified by PCR, i.e. CjOMlc flank 1, CjOMlc 
flank 2, and the kanamycin resistance cassette from pJMK30. PCR amplification was 
successful for all DNA fragments, and band sizes of the products yielded were as expected. 
Estimated sizes for the three DNA fragments were 1.2 kbp for CjOMlc flank 1,1.1 kbp for 
CjOMlc flank 2, and 1.5 kbp for kanamycin resistance gene cassette (Figures 4.3).
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Figure 4.3: Analysis of the PCR products generated using the primers listed Table 3.1 by 
agarose gel electrophoresis. Lane M shows DNA ladder marker (1.0 kb Promega, USA). 
The product for CjOMlc flank 1 is shown in lane 1 (1.2kbp), CjOMlc flank 2 in lane 2 (1.1 
kbp), and the kanamycin resistance cassette from pJMK30 is shown in lane 3. Lane M 
shows the DNA ladder marker (1.0 kbp), 1% agarose gels were run at 120V/cm for 45 
minutes, and visualized on a UV light box after staining with RedSafe™.
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4.2.4 Cloning of the Cj0141c flank and CjOMlc flank 2 PCR fragments into 
pBluescript II
The PCR products generated in section 4.3 were purified and then digested with 
specific restriction enzymes. CjOMlc flank 1 was digested with Xbal and Notl and flank 
2 was digested with Xbal and SpeL . pBluescriptll was also digested with both with Xbal 
and Notl to facilitate the introduction of the Xbal and Notl flankl fragment. The 
estimated size of the digested fragments and plasmid were as expected (Figure 4.4).
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Figure 4.4; Confirmation of fragment/plasmid integrity after restriction digestion with 
various enzymes. Lane 1, undigested pBluescript II; lane 2, pBluescript II double digested 
with restriction enzymes Xbal and Notl\ lane 3, the PCR product representing flank 1 
double digested with Xbal and Notl (1.2 kbp); lane 4, the PCR product representing flank 
2 double digested with Xbal and Spel (1.1 kbp). 1% agarose gels were run at 120V/cm for 
45 minutes, and visualized on a UV light box after staining with RedSafe™.
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The Cj 1041c flank 1 fragment was ligated into the pBluescriptll, Xbal and Notl sites. 
The transformants that resulted from this ligation were screened using a rapid PCR assay. 
The primers used were the same as those used in the original PCR reaction. As can be seen 
in Figure 4.5a, four of the transformants gave rise to a PCR fragment of the expected size 
of about 1.2 kbp. The plasmids in these transformants were isolated, and to confirm the 
cloning, digested with both Xbal and Notl. All four plasmids were shown to possess an 
insert of the correct size (1.2kbp) and the 3kbp backbone of pBluescript II (Figure 4.5b). 
One of these plasmids, with flankl inserted into pBluescriptll was designated pKH0141Fl. 
In order to insert the second 3’-region of CjOMlc into pKH0141Fl, it was digested with 
both Xbal and Spel and the flank2 PCR fragment, digested with the same restriction 
enzymes, introduced into the plasmid following ligation. The transformants that resulted 
from this ligation were screened using a rapid PCR assay. The primers used were the same 
as those used in the original PCR reaction. As can be seen in Figure 4.6a, all of the 
transformants gave rise to a PCR fragment of the expected size of about 1.1 kbp. Two of 
the plasmids from these transformants were isolated, and to confirm the cloning,t were 
digested with A&al and Spel. As expected digestion (figure 4.6b) With. Xbal alone gave rise 
to a linear fragment of 5.3 kbp, whilst digestion with both enzymes produced a band of 
l.lkbp corresponding to the flank2 inserts and a band of 4.2 kbp corresponds to the 
pKH0141Fl backbone. This pBluescript based plasmid, with both CjOMlc flankl and 
flank2 cloned into it was designated pKH0141F12.
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Figure 4.5a: PCR screening of transformants generated during the construction of 
pKH0141Fl. Plasmids were screened using the flankl forward and reverse primers and 
PCR fragments of the expected size of the inserted 1.2kbp flankl fragment are shown in 
lanes 14, 25, 31 and 32. 1% agarose gels were run at 120V/cm for 45 minutes, and
visualized on a UV light box after staining with RedSafe™.
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Figure 4.5b: Restriction digestion of pKH0141Fl. Lane 1, undigested pBluescript II; lane 
2, pBluescript II digested with both Xbal and Notl, lanes 3 to 6, pKHOMlFl candidates 
digested with both Xbal and Notl. 1% agarose gels were run at 120V/cm for 45 minutes, 
and visualized on a UV light box after staining with RedSafe™.
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Figure 4.6a: PCR screening of transformants generated during the construction of 
pKH0141F12. Plasmids were screened using the flank2 forward and reverse primers, and 
PCR fragments of the expected size of the inserted l.lkbp flank2 fragment are shown in 
all lanes. 1% agarose gels were run at 120V/cm for 45 minutes, and visualized on a UV 
light box after staining with RedSafe^^.
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Figure 4.6b: Restriction digestion of pKH0141F12. Lane 1, undigested pBluescript II; lane 
2, pBluescript II digested with both Xbal and Notl\ lane 3, pKH0141Fl digested with 
both Xbal and Spel\ lane 4, pKH0141F12 digested with Xbal only; and lanes 5 and 6, 
pKH0141F12 digested with hoihXbal and Spel. 1% agarose gels were run at 120V/cm for 
45 minutes, and visualized on a UV light box after staining with RedSafe^^.
4.2.5 Insertion of the kanamycin resistance cassette into pKH0141F12
The final step in the construction of a suicide vector to construct a knockout mutant 
in CjOMlc was the introduction of the kanamycin resistance cassette from pJMK30. A 
DNA fragment corresponding to the kanamycin resistance cassette and with terminal Xbal 
sites was generated by PCR using forward and reverse kanamycin primers (Figure 4.3). 
This fragment was digested with Xbal and ligated with pKH0141F12 digested with the 
same restriction enzyme. The ligation mix was introduced into E. coli by transformation, 
and colonies that were resistant to both ampicillin and kanamycin selected. Six doubly 
antibiotic resistant transformants were selected and the plasmids isolated from these and 
digested with Xbal. Figure 4.7, shows that four out of the six selected transformants gave 
rise to the expected fragments of 1.5 kbp and 5.3 kbp, corresponding to the kanamycin
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resistance gene and the pKH0141F12K backbone, and this plasmid was designated 
pKH0141F12K.
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Figure 4.7: Restriction digestion of pKH0141F12K candidates. Lanes 1 to 6, 
pKH0141F12K candidates digested with with Xbal. Plasmids in lanes 2-5 shown the 
correct insertion of the kanamycin resistance cassette. 1% agarose gels were run at 
120V/cm for 45 minutes, and visualized on a UV light box after staining with RedSafe™.
4.2.6 Transformation of C. y^'w«/NCTC11168 with pKH0141F12K and 
screening of potential Cj0141c knock-out mutants by PCR.
The suicide plasmid pKH0141F12K was introduced into C. jejuni NCTC 11168 cells 
by electroporation and transformants selected by plating the cells onto MHA, containing 
50 pg/ml of kanamycin. Seven kanamycin resistant colonies were re-streaked onto MHA 
supplemented with 50 pg/ml of kanamycin and then screened for insertion of the
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kanamycin cassette into Cj01041c using the PKH0141 primers which bind upstream and 
downstream of the CjOMlc gene. In five of the transformants a PCR fragment of 5.4 kbp 
was seen indicating the successful recombination of the kanamycin cassette into CjOMlc, 
whereas a band of 4.7 kbp was seen when control parental cells were used to provide the 
target for the PCR reaction (Figure 4.8a).
Figure 4.8a: PCR screening of C. jejuni pKH0141F12K transformants for incorporation of 
the kanamycin resistance cassette into CjOMlc by PCR using the PKHO141 primers. In 
lanes Lanes 1 to 7, the DNA target for the PCR reactions was from the kanamycin resistant 
transformants. In lane 8, the target for the PCR reaction was chromosomal DNA from the 
parental strain NCTC11168. Transformants represented in lanes 2-6 gave rise to PCR 
fragments of -5.4 kbp suggesting the successful insertion of the resistance cassette into 
CjOMlc. When parental C. jejuni NCTCl 1168 cells were used as a target in a control PCR 
reaction (lane 8) a 4.7kbp band is seen. MW indicates the Promega 1 kbp DNA ladder 
used as a marker. The PCR reaction, represented in the control lane, contained no target 
DNA (the presence of a faint band here maybe due to contamination. 1% agarose gels were 
run at 120V/cm for 45 minutes, and visualized on a UV light box after staining with 
RedSafeTM.
To further confirm the successful integration of the kanamycin resistance cassette
into CjOMlc, and its subsequent disruption, the genomic DNA was isolated from one of
the transformants above and used further in a PCR reaction with the primers PKH0141.
When PCR was carried out using DNA from the parental strain (NCTCl 1168), a band of
4.7kbp was seen (lane 1, Figure 4.8b) but when the same PCR was performed on DNA
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from the candidate CjOMlc mutant a 5.4kbp band was seen, consistent with the 
incorporation of the kanamycin resistance gene into CjOMlc (lane 3, Figure 4.8b) To 
further confirm that the PCR product of 5.4 kbp was in fact a result of allelic exchange, the 
PCR products were digested with Xbal. The PCR fragment generated from the wild type 
strain produced three fragments of of 3841 bp, 642 bp and 280 bp as expected. In 
contrast, the PCR fragment generated from the DNA of the candidate mutant produced five 
expected fragments of 1597 bp, 1471 bp, 1446 bp, 642 bp and 280 bp, (consistent with the 
additional Xba\ sites of the kanamycin resistance gene cassette), which confirmed the 
generation of a Cjejuni CjOMlc mutant by double homologous recombination (Figure 
4.8b). This mutant was designated CJKHOl
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Figure 4.8b: Confirmation of the genotype of the C. jejuni CjOMlc mutant by PCR and 
Xbal digestion. Lanes 1 and 2, show PCR fragments generated from wild type DNA 
undigested (lanel) and digested with AZ?<3l(lane 2). Lanes 3 and 4, show PCR fragments 
generated from CJKHOl DNA, undigested (lane 3) and digested XiûvXbal (lane 4). 1%
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agarose gels were run at 120V/cm for 45 minutes, and visualized on a UV light box after 
staining with RedSafe™.
4.2.7 The growth and survival of CJKHOl, the Cj0141c mutant
To determine whether CJKHOl had a general growth defect, its growth was 
compared with that of the parental strain NCTC11168 in MHB incubated at 37°C and at 
150 rpm under microaerophilic conditions. As can be seen in Figure 4.9, the growth and 
survival of CJKHOl was poorer when compared to wild-type cells, the cell count of it 
being approximately 0.5-log units lower when compared to the wild type throughout the 
growth and survival phases Both cell types became undetectable at the same time, 
approximately 175 hours.
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Figure 4.9: Growth and survival of the C. jejuni wild-type and CJKHOl (the CjOMlc 
mutant under microaerobic conditions). Flasks were incubated in MHB at 37 °C under 
microaerophilic conditions and shaken at 150 rpm. Samples were evaluated at appropriate 
time intervals by plate counting using MHA. Error bars represent standard deviation of 
n=3. Downward pointing arrows indicate the point of time when cell counts had fallen 
below detectable limits.
Next, an experiment was carried out to determine the aerobic survival characteristics 
of CJKHOl during incubation at 25°C and under aerobic conditions. As was seen for the 
growth and survival curve above, CJKHOl consistently survived less well than cells of the 
parental strain, its counts being around 0.5 log lower those of the wild type (Figure 4.10). 
Cell counts of both strains fell to below detectable levels after about 110 hours.
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Figure 4.10: Aerobic survival of the C. jejuni wild-type and CJKHOl. CJKHOl Cells were 
incubated aerobically in MHB at 25°C with shaking at 150 rpm. Samples were evaluated at 
appropriate time intervals by plate counting using MHA. Error bars represent standard 
deviation of n=3. Downward pointing arrows indicate the point of time when cell counts 
had fallen below detectable limits.
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4.2.8 The survival of the C. jejuni wild type and the CJKHOl mutant in the 
presence and absence of manganese
Previously in this study, it has been shown that the presence of manganese can protect cells
of Cjejuni, and promote their survival, during exposure to air. To determine whether the
putative manganese transporter identified in this study played a role in this phenomenon,
the survival of both the wild-type and CJKHOl was assessed in a liquid assay under
aerobic conditions, with and without the presence of manganese. The wild-type strain and
CJKHOl strains were cultured in MHB and incubated aerobically at 25°C in the absence
or presence of 100 pM or 250 pM of MnS0 4  At regular intervals, the number of viable
bacteria present were assessed by plate counting on MHA.
As this study has shown previously, survival in the presence of both 100 pM and 250 pM 
manganese enhanced the survival of the Cjejuni wild-type (Figures 4.11a and 4.1 lb). Also 
as demonstrated in section 4.3.7, the C. jejuni CjOMlc mutant survived less well than the 
parental strain and its cell count was consistently 0.5 log-units lower than NCTC11168 
throughout the duration of the experiment (Figures 4.11a and 4.11b). In contrast to what 
was observed in the wild-type, manganese did not enhance cell survival in CJKHOl at all 
(Figures 4.11a and 4.11b) suggesting that CjOMlc plays a role in manganese transport, 
and through this, facilitates its protective action. If CjOMlc is involved in manganese 
transport then a mutant deficient in it might be expected to be more resistant to toxic 
concentrations of this element when compared with wild-type cells.
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Figure 4.1 la: Aerobic cell survival of C. jejuni NCTCl 1168 and the CJKHOl mutant in the 
presence or absence of 100 pM of MnS0 4 . . Cells were incubated aerobically in MHB at 
25°C with shaking at 150 rpm in the absence and presence of manganese Samples were 
evaluated at appropriate time intervals by plate counting using MHA. Error bars represent 
standard deviation of n=3. Downward pointing arrows indicate the point of time when cell 
counts had fallen below detectable limits, *** P<0.0001 compared to control, ôôô 
P<0.0001 compared to control.
112
87
6
5
E
3
O
O)
o
3
2
1
0
80 1000 20 40 60 1 2 0 140
W T C o n t r o l  
W T  2 5 0  m M ( M n )
M u t a n t  C o n t r o l  
M u t a n t  2 5 0  (j M ( Mn )
T i m e
Figure 4.11b: Aerobic cell survival of C. jejuni NCTCl 1168 and CJKHOl in the presence 
of 250 pM of MnS0 4  . Cells were incubated aerobically in MHB at 25°C with shaking at 
150 rpm in the presence or absence of manganese Samples were evaluated at appropriate 
time intervals by plate counting using MHA. Error bars represent standard deviation of 
n=3. Downward pointing arrows indicate the point of time when eell counts had fallen 
below detectable limits, *** P<0.0001 compared to control, ôôô P<0.0001 compared to 
control.
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Figure 4.11c: Cell survival of C. jejuni NCTCl 1168 and the CjOMlc mutant in the 
presence or absence of 500 pM of MnS0 4 . Cells were incubated aerobically in MHB at 
25°C with shaking at 150 rpm with and without manganese Samples were evaluated at 
appropriate time intervals by plate counting using MHA. Error bars represent standard 
deviation of n=3. Downward pointing arrows indicate the point of time when cell counts 
had fallen below detectable limits. * P<0.01 compared to control.
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Figure 4.1 Id: Cell survival of C. jejuni NCTCl 1168 and the CjOMlc mutant in the 
presence or absence of 1000 pM of MnS0 4 . Cells were incubated aerobically in MHB at 
25°C with shaking at 150 rpm. Samples were evaluated at appropriate time intervals by 
plate counting using MHA. Error bars represent standard deviation of n=3. Downward 
pointing arrows indicate the point of time when eell counts had fallen below detectable 
limits. * P<0.01 compared to control.
At a concentration of 500 pM MnS0 4 , bacterial viability for both wild-type and 
mutant declined by as much as 5.5-log units within the first four hours of the experiment. 
However, viability in the wild type strain became undetectable after just two hours, whilst 
cells of CJKHOl were still detected until the fourth hour of the experiment (Figure 4.11c). 
In the absence of manganese, the survival profiles of the mutant and wild-type were as 
have been described previously in section 4.3.9. When Campylobacter cells were cultured 
in the presence of 1000 pM MnS0 4 , the bacteria died even faster, with a loss of viability of 
3-log units for the wild type strain and a 2-log reduction in cell counts of CJKHOl of an 
hour. Again, viability in the wild type strain fell to undetectable levels much faster than the
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mutant, and viable cells of it could not be detected after two hours, compared to CJKHOl 
which could still be detected up to the fourth hour (Figures 4.1 Id).
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Figure 4.12a: Aerobic survival of C. jejuni NCTCl 1168 and CJKHOl in the presence or 
absence of 500 pM of MnS0 4 . Cells were incubated aerobically in MHB at 25°C with 
shaking at 150 rpm. Samples were evaluated at appropriate time intervals by plate counting 
using MHA. Error bars represent standard deviation of n=3. Downward pointing arrows 
indicate the point of time after which all eell counts were below detectable limits (<10^ 
cfu/ml)
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Figure 4.12b: Aerobic survival of C. jejuni NCTCl 1168 and the CjOMlc mutant in the 
presence or absence of 1000 pM of MnS0 4 . . Cells were incubated aerobically in MHB at 
25°C with shaking at 150 rpm. Samples were evaluated at appropriate time intervals by 
plate counting using MHA. Error bars represent standard deviation of n=3 Downward 
pointing arrows indicate the point of time after which all cell counts were below detectable 
limits (<10^ cfu/ml)
When exposed to higher concentrations of manganese, Campylobacter died very rapidly, 
so experiments were set up to measure the viability of cells in the presence or absence of 
this element over a much shorter timeframe (Figures 4.12a and 4.12b). In the presence of 
SOOpM MnS0 4 , again, viability in the wild type strain fell to undetectable levels much 
faster than the mutant, and viable cells of it could not be detected after two hours, 
compared to CJKHOl which could still be detected up to the fourth hour. (Figure 4.12a). In 
the presence of lOOOpM MnS0 4 , cell death occurred more quickly but the differential 
survival of the wild-type and CjOMlc mutant was still apparent, with the wild-type cells 
falling to undetectable levels after just one hour, and with viable cells of the mutant being 
detected up to three hours (Figure 4.12b).
4.2.9 The survival of the C. jejuni wild type and the Cj0141c mutant in the 
presence and absence of ZnCh
Zinc (Zn) is considered an important metal for a majority of species of bacteria. In a 
recent, study, Lindsay et al. (2009) have shown that CjOMSc, a gene present in the same
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operon as CjOMlc plays a role in Zn transport and that CjOMSc (ZhuA) plays is a zinc 
binding periplasmic binding protein but there could also be other roles for this system so a 
set of experiments was designed to establish this. Initially, this study sought to determine 
whether, Zn had a protective effect similar to manganese and whether CjOMlc played any 
role in this. As can be seen in Figures 4.13a and 4.13b, 100 pM and 250 pM ZnCl], had 
no protective effect on the survival of Campylobacters and the survival of the CjOMlc 
mutant was the same as that of the wild-type. As was seen for CJKHOl in the presence of 
manganese, a mutant deficient in a Zn-transporter might be expected to be more resistant 
than the wild type to toxic concentrations of this metal. When a similar experiment was 
carried out using ZnCh at concentrations of 500 pM and 1000 pM, the presence of these 
concentrations of zinc gave rise to decline in viability (Figures 4.13c and 4.13d). However, 
the decline in viability was far slower than that measured in the same concentrations of 
manganese. For example, in the presence of 500 pM and 1000 pM ZnCl2 took around 80 
hours for viability to decline by 6-logs, whereas in the presence of the same concentrations 
of MnS0 4 , viability decline by 6-logs in under 3 and 2 hours respectively. In addition, 
whilst the CjOMlc mutant showed a slight increase in survival in the presence of ZnCli 
compared to the wild-type, the difference was far less marked than seen in the presence of 
manganese.
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Figure 4.13a: Cell survival of C. jejuni NCTCl 1168 and the CjOMlc mutant in the 
presence or absence of 100 pM of ZnClz. Cells were incubated aerobically in MHB at 25°C 
with shaking at 150 rpm. Samples were evaluated at appropriate time intervals by plate 
counting using MHA. Error bars represent standard deviation of n=3. Downward pointing 
arrows indicate the point of time when cell counts had fallen below detectable limits. * 
P<0. 01 compared to control, 5 P<0.01 compared to control.
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Figure 4.13b: Cell survival of C. jejuni NCTCl 1168 and the CjOMlc mutant in the 
presence or absence of 250 pM of ZnCl] against time in hours. Cells were incubated 
aerobically in MHB at 25°C with shaking at 150 rpm. Samples were evaluated at 
appropriate time intervals by plate counting using MHA. Error bars represent standard 
deviation of n=3. Downward pointing arrows indicate the point of time when eell counts 
had fallen below detectable limits. * P<0.01 compared to control, and 5 P<0.01 compared 
to control.
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Figure 4.13c: Cell survival of C. jejuni NCTCl 1168 and the CjOMlc mutant in the 
presence or absence of 500 pM of ZnCli. Cells were incubated aerobically in MHB at 25°C 
with shaking at 150 rpm. Samples were evaluated at appropriate time intervals by plate 
counting using MHA. Error bars represent standard deviation of n=3. Downward pointing 
arrows indicate the point of time when cell counts had fallen below detectable limits. * 
P<0.01 compared to control, ôôô P<0.0001 compared to control and yyy P<0.0001 
compared to control.
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Figure 4.13d: Cell survival of C. jejuni NCTCl 1168 and the CjOMlc mutant in the 
presence or absence of 1000 pM of ZnCli. Cells were incubated aerobically in MHB at 
25°C with shaking at 150 rpm. Samples were evaluated at appropriate time intervals by 
plate counting using MHA. Error bars represent standard deviation of n=3. Downward 
pointing arrows indicate the point of time when cell counts had fallen below detectable 
limits, * P<0.01 compared to control, ôôô P<0.0001 compared to control and yyy P<0.0001 
compared to control.
4.2.10 An assessment of the motility of CJKHOl in comparison to the wild type,
and the hypermotile strain 11168H.
Motility in Campylobacter jejuni is considered to be an important factor for 
virulence, as the flagellum is involved in the colonisation of the intestine (Wassenaar et al, 
1993; Neal et al., 2002; Lavinia et al, 2013). In addition, iron is an important modulator of 
flagellar biogenesis in Campylobacter, with almost all the components of the flagella being 
iron activated (Butcher and Stinzi, 2013), so it possible that manganese and its uptake may 
impact on motility. In order to determine whether this was actually the case, the motility of 
CJKHOl was compared with two control strains; i.e. Campylobacter jejuni 11168, which 
exhibits poor motility, and Campylobacter jejuni 11168H, which is considered to be
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hypermobile (Jones, et a l, 2004). Motility was assessed using MHA containing 0.4% agar 
and evaluated by measuring the halo of movement and growth on the plates. Strains were 
cultured for 18 hours to an ODeoonm, of 0.6 and different amounts of the strains were 
pipetted onto the agar plates. The diameter of the motility zone was measured in cm, 
following incubation at 37 °C, and under microaerobic conditions for 24 hours 
Experiments revealed that the halo of C. jejuni 11168H was approximately 1.75 cm in 
diameter. This was significantly larger than halos generated by C. jejuni NCTCl 1168, 
which was about 1 cm in diameter. In addition, mutation of CjOMlc appeared to reduce 
motility slightly, as the zones of motility and growth seen with CJKHOl were 0.7 cm in 
diameter (Figure 4.14). As expected the size of the halos of motility and growth was 
dependent upon the concentration of bacteria used, with larger inocula producing larger 
zones. Similar results were obtained when 100 pM MnS0 4  was added to the 0.4% MHA 
(data not shown).
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Figure 4.14: Motility assays. This figure shows the diameter of the zone of motility and 
growth of C. jejuni NCTC 11168 wild type strain (WT), the CjOMlc mutant strain 
(Mutant) and the hypermotile variant C. jejuni 11168H (11168H) measured in 0.4% 
semisolid MHA. Error bars represent standard deviation of n=3. The volumes of culture 
used were 1 pi, and 5 pi. Motility between the strains was significantly different based on a 
two-tailed t test (***p < 0.0001 compared to the WT, p< 0.0001 compared to 11168H, 
Ô 5 5 P<0.0001 compared to the WT and Q D Q P<0.0001 compared to 11168H.
4.2.11 Assessment of the contribution of Cj0141c to Campylobacter virulence
using a tissue culture invasion assay
The pathogenesis of Campylobacter infection is complicated and controlled by 
several factors including adherence, invasive ability and toxin production (Konkel et al, 
2001). In vitro, many cells lines have been investigated with regard to the study of 
Campylobacter invasiveness, including those from the human larynx (Hep-2) and from a 
carcinoma of the human lung (A549). However, Campylobacter does not invade these cells 
effieiently but it has been revealed that C. jejuni has the ability to cross polarised epithelial 
cells such as the Caco2 cell monolayers and to invade these efficiently (Konkel et al, 
1992; Everest, 1992). Human colonic carcinoma (Caco-2) cells were derived from 
transformed human colonic carcinoma cells and following 7 to 10 days in in vivo culture,
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these cells will form polarized monolayers with intercellular tight junctions with defined 
apical and basolateral surfaces. The apical surface also has dense brush border microvilli 
which also contains typical intestinal brush border enzymes and antigens. Consequently, it 
is thought that differentiated Caco-2 cells provide a suitable monolayer model of infection, 
similar to that which Campylobacter encounters in vivo.
Caco-2 cells were infected with wild type C. jejuni wild-type (NCTCl 1168), 11168H 
(a hyper-motile strain, 81-176 (a hyper-virulent control), E. coli (a non-invasive control) 
and the CjOMlc mutant, and bacterial survival inside the cells determined by the 
gentamicin protection assay. As can be seen in Figure 4.15, the intracellular survival of 
CJKHOl cells was slightly less than that of the wild-type, but this difference was shown 
not to be statistically significant (two-tailed t test; P > 0.05). The intracellular survival of 
11168H and 81-176 was unexpectedly low at 3-logs, and 2.7 logs respectively, and this 
was very similar to the non-invasive E. coli control (2.5 logs). Consequently, both of these 
strains were effectively non-invasive in this experiment. The reason for this is not known, 
but it is possible that these strains have spontaneously lost virulence following continual 
subculture as this has previously been shown to reduce virulence (Gaynor, 2004).
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Figure 4.15: Epithelial cell invasion by the wild type NCTC 11168 and the CjOMlc mutant 
of C. jejuni (CJKHOl). The average numbers of internalised bacteria per ml (i.e. cell count 
of recovered bacteria) are given. C. jejuni cells were allowed to invade Caco-2 epithelial 
cells for 3 hrs before being washed and allowed to replicate for 2 hours in the presence of 
gentamicin. E. coli DH5a (non-invasive) and C. jejuni 81-176 (hyper-invasive) and 
11168H (hypermotile) strains were used as controls. Invasion assays are an average of at 
least five independent experiments.
4.2.12 Assessment of the contribution of Cj0141c to Campylobacter virulence
using the in vivo Galleria mellonella infection assay
Recently, non-vertebrate models have been shown to represent a valuable 
preliminary tool to study host-pathogen interactions because they are more ethical than 
animal models and cheaper. One such model is the Galleria mellonella (Greater Wax 
Moth) model of infection which was initially established to assess Pseudomonas 
aeruginosa virulence (Jander et al., 2000). Champion et al., in 2010 reported the use of G. 
mellonella larvae to screen for virulence factors in Campylobacter (Champion et al., 
2010), and additionally. Senior et al., (2011) reported the use of this infection model to 
provide information on intracellular survival information in C. jejuni.
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Next, this study aimed to investigate the virulence of wild-type stains, and CJKHOl 
in the G. mellonella model of infection. G. mellonella larvae were purchased from Live 
Foods (UK) and kept on wood chips at 15°C before infection. The larvae were then 
infected with 10 pi of 10^  ^ cfu ml'^ C. jejuni using the micro-injection technique with a 
Hamilton® syringe and the right foreleg. After incubation for 24 hours at 37°C, the 
macroscopic appearance of the larvae was recorded.
This experiment (Figure 4.16) revealed that in the controls, i.e. uninfected larvae and 
larvae injected with PBS, that 100% of the larvae were alive after 24 hours. In contrast, , 
the average survival rate for larvae infected with NCTCl 1168 and 11168 and with the 
hypermotile strain 11168H was 65% and 75%, respectively. The survival rate of CJKHOl 
(the CjOMlc mutant) was 66% and this was not significantly different to that measured in 
the wild-type (two-tailed t test; P > 0.05). Figure 4.17 illustrates the typical macroscopic 
appearance of the larvae in the controls and infected samples.
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Figure 4.16: The ability Campylobacter jejuni wild type strains and the CjOMlc mutant to 
kill Galleria mellonella at 37°C. Results are expressed as percentage survival of G. 
mellonella larvae. Groups of 5 larvae were used, and the results shown are the means of at 
least 5 independent experiments recorded at 24 hours after challenge. Error bars indicate 
standard deviations. Statistical significance was tested using two-tailed t test {P < 0.05).
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Figure 4.17: The typical appearance of G. mellonella after 24 hours, following infection 
with C. jejuni. The figure displays groups of 5 Galleria mellonella larvae, uninfected 
(control), PBS injected (control), infected with C. jejuni wild type NCTCl 1168, the 
CjOMlc mutant and 11168H (hyper-motile). In total, 10 larvae were used per treatment but 
tested in two replicates of 5 larvae per petri dish.
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4.3 Discussion
Manganese is a redox active element, and in this role, is an essential cofactor for a 
variety of important metalloenzymes including oxidases, DNA and RNA polymerase. As 
such, it is an essential trace element that is accumulated, and used by, nearly all forms of 
life on Earth. Beyond this, manganese has also been shown to be important in the defence 
against oxidative stress in a number of bacteria, and mutants of bacteria that are defective 
in its transport display increased sensitivity to reactive oxygen species (Anjem et al, 
2009). In pathogenic bacteria, mutants deficient in manganese transport are also less 
virulent than the corresponding wild-type stains (Papp-Wallace and Maguire 2006). In 
addition, high intracellular concentrations of manganese have been linked to an increased 
tolerance to ionizing radiation (Daly et al, 2004) and desiccation (Fredrickson et al, 
2008). Manganese can also detoxify reactive oxygen species by non-enzymatic 
mechanisms (Daly et al, 2010) and can also displace and substitute for iron in the active 
sites certain iron proteins, and in doing so, prevent oxidative damage to the protein (Sobata 
and Imlay, 2011). Despite the importance of manganese as an essential nutrient, when it is 
present in excess, it can also be toxic. Whilst the exact mechanisms of manganese toxicity 
are not known, it may involve the perturbation of iron metabolism (Guedon et al, 2003).
Most bacteria protect themselves from manganese deficiency and over accumulation 
through the use of homeostasis systems specific to this metal and these usually comprise a 
manganese dependent transcriptional regulator, one of more manganese transporters, and 
an efflux pump.
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In the previous chapter, this study has shown for the first time that manganese provides 
protection to Campylobacter during oxidative stress and during survival in air. Next, to 
determine whether the transport of this metal was necessary for this activity, this study 
sought to identify and knockout by allelic exchange putative manganese transporters in C. 
jejuni NCTCl 1168. This would allow the impact of manganese uptake on survival to be 
assessed in the wild-type strain and mutants deficient in its uptake. The genome sequence 
of C. jejuni NCTC 11168 was screened for the presence of putative manganese transporter 
and was shown to possess the gene CjOMlc which was identified as encoding for a 
putative inner membrane permease protein for a MntB-Iike, ATP binding cassette 
transporter for manganese. The gene is present in an operon with CjOMSc (encoding a 
putative periplasmic binding component) and CjOMlc (encoding the ATP binding 
component).
To determine whether CjOMlc did indeed encode the permease protein for
manganese a strategy for constructing a knock-out mutant in it was developed based upon
the method of (Corcionivoschi et al., 2008) which involved separately amplifying by PCR,
two fi’agments of CjOMlc, one downstream and one upstream, and then combining these
to generate a unique restriction site into which an antibiotic marker could be introduced. In
this manner the suicide vector pKH0I4IF12K was generated and introduced into C. jejuni
NCTCl 1168 by electroporation. The kanamycin resistant transformants obtained by this
process were screened by PCR and one was shown to be a CjOMlc mutant. This was
designated as CJKHOl. To determine whether the CjOMlc mutant, CJKHOl, had a general
growth defect, its growth was compared with that of the parental strain NCTCl 1168. As
can be seen in Figure 4.9, the growth and survival of CJKHOl was slightly poorer than for
wild-type cells, its cell count being approximately 0.5-log units lower when compared to
the wild type throughout the growth and survival phases. This growth defect has also been
seen in other bacteria deficient in manganese transport (Perry et al, 2012) but the fact that
131
the mutant could grow in MHB media to which additional manganese had not been added 
suggests that there may be other transporters for this metal in eampylobaeters. If Cj0141c 
is involved in manganese transport then a mutant deficient in it might be expected to be 
more resistant to toxic concentrations of this element when compared with wild-type cells. 
Indeed, when the Campylobacter strains were exposed to 500 and lOOOpM MnS0 4 , 
viability in the wild type strain fell to undetectable levels much faster than the Cj0141c 
mutant (Figures 4.12a and 4.12b) suggesting that Cj0141c is involved in manganese 
transport. In the previous chapter of this study, it has been shown that the presence of 
manganese can protect cells of C.jejuni against oxidative stress, and promote their survival, 
during exposure to air. To determine whether the putative manganese transporter identified 
in this study played a role in this phenomenon, the survival of both the wild-type and 
CJKHOl was assessed in a liquid assay under aerobic conditions, with and without the 
presence of manganese. As this study has shown previously, survival in the presence of 
both 100 pM and 250 pM manganese enhanced the survival of the C.jejuni wild-type 
(Figures 4.11a and 4.11b) but in contrast to what was demonstrated in the wild-type, 
manganese did not enhance cell survival in CJKHOl at all (Figures 4.10a and 4.10b) 
suggesting that CjOMlc plays a role in manganese transport, and through this, facilitates 
its protective action. These findings are consistent with a number of reports investigating 
manganese transport in other bacteria. For example, (Tseng et al, 2001) have also 
described a role for Mn ions in the survival of N. gonnorrhea where they play a role in 
mopping up reactive oxygen species. Similarly, the MntABC ABC-type transporter of N. 
gonorrhoea has been shown to be involved in viability, and mutants deficient in this 
transporter demonstrate increased the sensitivity to oxidative stress (Wu et al, 2006), and 
thus as now appears to be the case in eampylobaeters, resistance to superoxide and 
oxidative stress relies on their ability to accumulate Mn via MntABC (Wu et al, 2006).
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Zinc (Zn) is also considered an important metal for a majority of species of bacteria. 
In a recent, study, Davis et a l (2009) have shown previously that Cj0143c, a gene 
present in the same operon as CjOMlc plays a role in Zn transport and that Cj0143e 
(ZhuA) plays a zinc binding periplasmic binding protein, but there could also be other 
roles for this system. This current study has demonstrated that CjOMlc, encoding a 
putative membrane permease, is also involved in the transport of manganese as evidenced 
by the increased resistance to toxic concentrations of manganese in CJKHOl and the fact 
that manganese has no protective action on the CjOMlc mutant despite it promoting the 
aerobic survival of the wild-type strain NCTC11168. As was seen for CJKHOl in the 
presence of manganese, a mutant deficient in a Zn-transporter might be expected to be 
more resistant than the wild type to toxic concentrations of this metal. However, when a 
similar experiment was carried out using ZnCh at toxic concentrations of 500 pM and 
1000 pM, the CjOMlc mutant only showed a slight increase in survival in the presence of 
ZnCl2 compared to the wild-type, and the difference was far less marked than that seen in 
the presence of manganese. This result is not consistent with CjOMlc being a zinc 
transporter.
It is possible that this transporter or that the individual components of it play a role in 
both manganese and zinc transport as has been seen in other bacteria and as has been 
demonstrated for the the MntABC transporters of Neisseria gonorrhoeae (Lim et al, 
2008)., T. pallidum (Desrosiers et al, 2007), and E.coli (Patzer and Hantke, 1998). It is 
also possible that just Cj0141c is a shared transporter for both manganese and zinc and that 
other system component, such as the periplasmic binding protein components, contribute 
to manganese and zinc specificity. Nevertheless, this study has shown that manganese and 
not zinc, provides protection to eampylobaeters during oxidative stress, and that CjOMlc 
plays a vital role in this.
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In a number of other bacteria manganese has been shown to increase resistance to 
oxidative stress, and through this, to play an important role in virulence. For example, in S. 
pneumonia, the PsaBCA system is an ATP-cassette type of manganese transporter 
(Dintihae et al, 1997; McAllister et al, 2004) and this system has been shown to play a 
key role in virulence (Marra et al, 2002). Additionally, manganese has been shown to play 
an essential role in the virulence of Enterococcus faecalis (Singh et al., 1998), 
Streptococcus mutans (Kitten et al, 2000), and Yersinia pestis. This current study thus 
sought to determine whether the putative manganese membrane permease, CjOMlc, played 
a role in Campylobacter virulence using two models of infection.
Human colonie carcinoma (Caeo-2) cells were originally derived from transformed 
human colonic carcinoma cells and following 7 to 10 days in in vivo culture, these cells 
will form polarized monolayers with intercellular tight junctions with defined apical and 
basolateral surfaces. The apical surface also has dense brush border microvilli which also 
contains typical intestinal brush border enzymes and antigens. Consequently, it is thought 
that differentiated Caeo-2 cells provide a substrate monolayer similar to that which 
Campylobacter encounters in vivo (Konkel et al, 1992; Everest, 1992). Consequently, this 
system was chosen as one model of virulence. More recently, non-vertebrate models have 
been shown to represent a valuable preliminary tool to study host-pathogen interactions 
because they are more ethical than animal models and far cheaper. One such model is the 
Galleria mellonella (Greater Wax Moth) model of infection which was initially established 
to assess Pseudomonas aeruginosa virulence (Jander et a l, 2000) but which has also been 
shown to be an effective model for Campylobacter virulence (Champion et a l, 2010: 
Senior et a l, 2011).
In both of the models of infection above, the CJKHOl mutant survived in a similar 
manner to the wild-type strain. For example, the survival rate of G. mellonella larvae
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infected with the wild-type and CJKHOl was essentially the same and there was no 
difference in the intracellular survival of both stains in Caco-2 cells. These findings do not 
necessarily preclude a role for manganese, and its transport via CjOMlc, in Campylobacter 
virulence as the role of manganese is linked to oxidative stress resistance and it may be that 
in these survival models at least, that little or no oxidative stress is generated. In this 
context, KatA (eatalase) of Campylobacter does not play a role in intraepithélial cell 
survival but does however contribute to intramacrophage survival, where the respiratory 
burst will generate oxidative stress (William et al, 2000).
Motility in Campylobacter jejuni is considered to be an important factor for 
virulence, as the flagellum is involved in the colonisation of the intestine (Yao et al, 1994; 
Neal & David, 2002; Gurry, 2007; Lavinia et al, 2013). Iron has recently been shown to 
be an important modulator of flagellar biogenesis in Campylobacter, with almost all the 
components of the flagella being iron activated (Butcher and Stinzi, 2013), so it possible 
that manganese, and its uptake, may impact on motility. To determine whether CjOMlc 
played any role in motility, CJKHOl and the wild-type were compared in a plate based 
motility assay. In these experiments, the CjOMlc mutant appeared to have slightly reduced 
motility, as the zones of motility and growth seen with CJKHOl were 0.7 cm in diameter, 
compared to a zone of 1 cm measured for the wild-type. At the moment, however, it is not 
clear whether the apparent motility defect was due to the slightly slower growth rate of the 
mutant, or whether manganese deficiency directly affected the construction or activity of 
the flagella apparatus. Time limitation precluded further investigation of this result.
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CHAPTER FIVE
General conclusions and future
directions
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5. General conclusions and future directions
Manganese ions are important for ail living organisms. Manganese is an essential 
cofaetor for a diverse range of metalloenzymes such as oxidases, DNA polymerases and 
RNA polymerases. In addition, Mn^^ is an important accelerator of chemical reactions and 
its redox characteristics confer upon it the ability to participate in different chemical 
reactions, of particular, importance is the ability of manganese to detoxify reactive 
oxygen species by non-enzymatic mechanisms (Daly et ah, 2010) and can also displace 
and substitute for iron in the active sites certain iron proteins, and in doing so, prevent 
oxidative damage to the protein (Sobata and Imlay, 2011). In this context, manganese has 
been shown to be important in the defence against oxidative stress for a number of 
different bacterial species, and mutants of bacteria that are defective in its transport display 
increased sensitivity to reactive oxygen species (Anjem et ah, 2009). Reactive oxygen 
species are generated as part of the immune response, and consequently, mutants of 
pathogenic bacteria which are deficient in manganese transport are also less virulent than 
the corresponding wild-type stains (Papp-Wallaee and Maguire 2006). For example, the 
accumulation of manganese in N. gonorrhoeae provides protection against O2 and H2O2- 
related killing mechanisms via processes that are independent of superoxide dismutase 
(SOD) (Tseng et al, 2001) and eatalase (Seib et al, 2004), and is necessary for full 
virulence. Similarly. In S. pneumoniae the psaBCA locus encodes an ATP-cassette type of 
manganese transporter (Dintihae et al, 1997; McAllister et al, 2004) and this system has 
been shown to play a key role in virulence (Marra et al, 2002).
Despite its importance in the physiology and virulence of many other bacteria, the 
impact of manganese on the important foodbome pathogen C. jejuni, and its mechanisms 
of uptake in this organism have not been studied to date. Consequently, the aim of this
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project was to investigate this poorly studied area of Campylobacter biology for the first 
time.
In the first instance, cells of Campylobacter were exposed to different concentrations 
of manganese and their survival studied (Chapter 3). The viability of eampylobaeters was 
shown to rapidly decrease at higher MnS0 4  concentrations (500 and lOOOpM) after 5 
hours of exposure suggesting that the over accumulation of Mn^ "^  ions was deleterious to 
the survival of the bacterial cells. A similar outcome had previously been reported for K  
gonorrhoeae by Hsing et al. (2001), who demonstrated a marked growth inhibition at 
concentration of 200 pM or more of MnS0 4  (Hsing et al., 2001). In addition, a similar 
toxic effect was seen for Bacillus stearothermophilus which could not grow and survive at 
concentations of 300pM MnS0 4  or above (Cheung et al., 1982). Although the toxic effect 
of high concentrations of MnS0 4  has been demonstrated in other bacteria, and now 
through this study in Campylobacter, the mechanism of this toxicity is still unknown but it 
may be due to a disturbance in iron metabolism (Guedon et al., 2003).
This current study, has demonstrated for the first time that lower concentrations of 
MnS0 4  (100 and 250 pM) had a protective effect on bacterial cells during their survival 
under aerobic conditions since survival of Campylobacter cells in the presence of 100 and 
250 pM MnS0 4  was consistently 1-log unit higher than those incubated in the absence of 
this compound. This protective effect appears to be specific to the mieroaerophilic and 
oxygen sensitive eampylobaeters as there was no change in the viability of other oxygen- 
tolerant food-home pathogens like Salmonella Typhimurium and Listeria monocytogenes 
when their survival was assessed in the presence or absence of manganese.
In order to further investigate, the role of manganese in providing protection to 
Campylobacter cells during aerobic survival, its activity was assessed in the presence and 
absence of specific oxidative stress inducing agents, namely superoxide radicals (generated
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by methyl viologen) and hydrogen peroxide, using disc diffusion assays. The results of 
this experiment demonstrated that C.jejuni, was slightly, but signifieantly more resistant to 
both superoxide radicals and hydrogen peroxide in the presence of MnS0 4  than without it. 
With both hydrogen peroxide and methyl viologen, there was a decrease in the zone of 
killing when lOOpM of MnS0 4  was present compared with the control and the ability of 
manganese to protect Campylobacter cells against these individual stressors might account 
for its protective role during their aerobic survival. Indeed, manganese has been shown to 
perform antioxidanti functions in other bacteria and the findings of this current study are 
consistent with this. For example, previous studies have also shown that the accumulation 
of manganese in N. gonorrhoeae provides protection against superoxide and HiOi-related 
killing mechanisms via processes that are independent of superoxide dismutase (SOD) 
(Tseng et al, 2001) and eatalase (Seib et al, 2004).
As manganese had been shown to protect eampylobaeters during aerobic survival 
and against the action of reactive oxygen intermediates, another aim of this study was to 
determine whether the transport of manganese was necessary for its antioxidative activity 
(Chapter 4). The genome sequence of C.jejuni NCTCl 1168 was screened for the presence 
of putative manganese transporters and was shown to possess, the gene CjOMlc which was 
identified as a putative permease protein for a MntB-like ATP binding cassette transporter 
for manganese. This gene is present in an operon with CjOM3c (encoding a periplasmic 
binding component) and Cj0142c (encoding the ATP binding component). Clustal Omega 
alignment was performed in order to compare the amino acid sequence of CjOMlc with 
other similar proteins from other bacteria and it was to have high levels of identity with 
MntB-like proteins from C.jejuni 81-176, C. co li, Arcobacter butzleri, Tetragenococcus 
halophilus, Enterococcus dispar and Enterococcus casseliflavus, (99% , 87%, 50%, 30%, 
30%, and 29% respectively).
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To determine whether CjOMlc did indeed encode the predicted manganese permease 
protein, a strategy for construeting a knoek out mutant in it was developed based upon the 
method of Corcionivosehi et a l, (2008). The general strategy was to introduce a PCR 
amplified produet representing the 5-prime region of CjOMlc (flankl), into the Xbal and 
Not\ restriction sites of pBluescriptll, and then to introduce a PCR product, representing 
the 3-prime region into into the Xba\ and Spe\ restriction sites. In order to disrupt the gene 
and to provide an antibiotic marker for selection, the Campylobacter kanamycin resistance 
gene from pJMK30 was cloned into the Xbal site separating the two flanking fragments of 
CjOMlc. A C. jejuni mutant deficient in CjOMlc was duly constructed, and its genotype 
confirmed by PCR, and termed CJKHOl.
C. jejuni mutants deficient in cjOMlc grew slightly less well, did not survive as well 
as the wild-type strain. The cell count was approximately 0.5-log units lower when 
compared to the wild type throughout the growth and survival phases suggesting that 
manganese can generally aid growth and survival in eampylobaeters. This growth defect 
has also been seen in other bacteria deficient in manganese transport (Perry et al, 2012) 
but the fact that the mutant could grow in MHB media to which additional manganese had 
not been added suggests that there may be other transporters for this metal in 
eampylobaeters.
To determine whether the putative manganese transporter played a role in the 
protective effect provided by this metal, the survival of both the wild-type and CJKHOl 
was assessed in a liquid assay under aerobic conditions, with and without the presence of 
manganese. Whilst, as expected, both 100 pM and 250 pM manganese enhanced the 
survival of the C.jejuni wild-type, it did not enhance cell survival in CJKHOl at all 
suggesting that CjOMlc plays a role in manganese transport, and through this, facilitates 
its protective action. These findings are consistent with a number of earlier reports
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investigating manganese transport in other bacteria. For example, (Tseng et al, 2001) have 
also described a role for Mn ions in the survival of N. gonnorrhea where they play a role in 
mopping up reactive oxygen species. Similarly, the MntABC ABC-type transporter of N. 
gonorrhoea has been shown to be involved in viability, and mutants deficient in this 
transporter demonstrate increased the sensitivity to oxidative stress (Wu et al, 2006).
If CjOMlc is involved in manganese transport then a mutant deficient in it might be 
expected to be more resistant to toxic concentrations of this element when compared with 
wild-type cells. Indeed, when the Campylobacter strains were exposed to 500 and lOOOpM 
MnS0 4 , viability in the wild type strain fell to undetectable levels much faster than the 
CjOMlc mutant suggesting that CjOMlc is involved in manganese transport.
The metal zinc and its cations, are also considered to be important factors for the 
majority of species of bacteria. In a recent, study, Davis et al. (2009) have shown 
previously that CjOM3c, a gene present in the same operon as CjOMlc plays a role in Zn 
transport and that CjOM3c (ZhuA) functions a zinc binding periplasmic binding protein, 
but there could also be other roles for this system. This current study has demonstrated that 
CjOMlc, encoding a putative membrane permease, is also involved in the transport of 
manganese as evidenced by the increased resistance to toxic concentrations of manganese 
in CJKHOl and the fact that manganese has no protective action on the CjOMlc mutant 
despite it promoting the aerobic survival of the wild-type strain NCTCl 1168. As was seen 
for CJKHOl in the presence of manganese, a mutant deficient in a Zn-transporter might be 
expected to be more resistant than the wild type to toxic concentrations of this metal. 
However, when a similar experiment was carried out using ZnCli at toxic concentrations of 
500 pM and 1000 pM, the CjOMlc mutant only showed a slight increase in survival in the 
presence of ZnCl] compared to the wild-type, and the difference was far less marked than
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that seen in the presence of manganese. This result is not consistent with CjOMlc being a 
zinc transporter.
It is possible that this transporter or that the individual components of it play a role in 
both manganese and zine transport as has been seen in other bacteria and as has been 
demonstrated for the the MntABC transporters of Neisseria gonorrhoeae (Lim et ah, 
2008)., T. pallidum (Desrosiers et al, 2007), and E.coli (Patzer and Hantke, 1998). It is 
also possible that CjOMlc alone is a biflinetional transporter for both manganese and zinc 
and that other system component, such as the periplasmic binding proteins, contribute to 
manganese and zinc specificity. Nevertheless, this study has shown that manganese and not 
zine, provides protection to eampylobaeters during oxidative stress, and that CjOMlc plays 
a vital role in this.
In a number of other pathogenic bacteria manganese has been shown to increase 
resistance to oxidative stress, and through this, to play an important role in virulence and 
survival. For example, in S. pneumonia, the PsaBCA system is an ATP-cassette type of 
manganese transporter (Dintihae et al, 1997; McAllister et al, 2004) and this system has 
been shown to play a key role in virulence (Marra et al, 2002). This current study thus 
sought to determine whether the putative manganese membrane permease, CjOMlc, played 
a role in Campylobacter virulence using two models of infection.
Human colonic carcinoma (Caco-2) cells were chosen as an in vitro model, as they 
form polarized monolayers with intercellular tight junctions with defined apical and 
basolateral surfaces during in vitro culture and provide a substrate monolayer similar to 
that which Campylobacter encounters in vivo (Konkel et al, 1992; Everest, 1992). More 
recently, non-vertebrate models have been shown to represent a valuable preliminary tool 
to study host-pathogen interactions because they are more ethical than animal models and 
comparatively cheaper. One such model is the Galleria mellonella (Greater Wax Moth)
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model of infeetion. As this has previously been shown to be an effective model for 
measuring Campylobacter virulence (Champion et ah, 2010: Senior et al., 2011), it was 
ehosen as the in vivo model.
In both of the models of infection above, the CJKHOl mutant survived in a similar 
manner to the wild-type strain. For example, the survival rate of G. mellonella larvae 
infected with the wild-type and CJKHOl was essentially the same and there was no 
difference in the levels of intracellular survival of both stains in Caco-2 cells. These 
findings do not necessarily preclude a role for manganese, and its transport via CjOMlc, in 
Campylobacter virulence as the role of manganese is linked to oxidative stress resistance 
and it may be that in these survival models, that little or no oxidative stress is generated. In 
this context, KatA (eatalase) of Campylobacter does not play a role in intra epithelial cell 
survival but does however contribute to intra macrophage survival, where the respiratory 
burst will generate oxidative stress (William et al, 2000).
This study, has for the first time, demonstrated that manganese can enhance the 
survival of eampylobaeters during exposure to air and can also protect it against specific 
oxidative stress inducers, namely methyl viologen and hydrogen peroxide. This is likely to 
have implications when their environmental survival is being considered, as well as their 
virulence. The study has also shown that CjOMlc, a putative MntB-like manganese 
transporter, is essential for the Mn-dependent protective effect. These are novel and 
significant findings, but there is still further work that could be done, but that was not 
possible within the time and financial constraints of the project. An obvious follow up to 
this study would be a more in depth assessment of the role of manganese and CjOMlc in 
the resistance of eampylobaeters, using more detailed growth assays, rather than a disc 
diffusion technique, and a greater range of reactive oxygen species as the challenge. 
Further work, would have included the use of radioactive isotopes of Mn^ "^  (^ "^ Mn), Zn^^
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(^^Zn), and other related metals and transport assays to assess the specificity of the 
transporter. Additionally, mutants in other components of the system such as Cj0143c, the 
putative periplasmic binding protein dependent protein and Cj01412c the putative ATP- 
binding protein, could have generated by gene knockout and the impact on metal uptake 
also studied in these. To assess whether expression of CjOMlc is influenced by 
manganese concentrations, quantitative RT-PCR could have been performed with the 
CjOMlc transcript from cells grown in the presence of various concentrations of EDTA. It 
should be noted here that EDTA is a non- specific chelator of divalent metal ions and so 
other ions maybe chelated in the presence or absence of manganese .MntR regulates the 
expression of manganese transporters in other bacteria, but based on BLAST analysis there 
is no homologue of this protein in the C. jejuni. In Bacillus subtilis, PerR is a peroxide- 
sensitive regulator that binds Fe2^ or Mn2^ as a cofaetor and then acts to repress genes 
(Fuangthong, et al. 2002). PerR has been previously characterized in C. jejuni and shown 
to be a peroxide stress regulator (Van Vliet et al., 1999), and it is possible that this protein 
might act as a regulator for manganese regulated gene expression.
Finally, future work could involve the complementation of the CjOMlc gene. This 
would be done by cloning it with its native promoter into an integrative plasmid and 
introducing it into the mutant genome at a non-native position on the genome. 
Complementing the deleted gene and testing for restoration of the wild type phenotype 
would further confirm the role of this gene in the Mn^^ protection against oxidative stress.
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7. APPENDICES
All the chemical and regent which are used were gained form Sigma Aldrich (Pool,
Dorset) and Oxoid (Basingstoke).
A.I. Culture media
All culture media were obtained from Oxoid (Basingstoke) and prepared using distilled 
water. Sterilization was carried out by autoclaving at 121°C for 15 minutes at 15 pounds 
per square inch (p.s.i). Blood and antibiotics were added to warm (50°C) media. The media 
plates were stored at 4°C.
A.1.1. Mueller Hinton Broth
Mueller Hinton Broth 12 g 
Distilled water 1000 m 
A. 1.2. Nutrient Broth
Nutrient Broth 25 g 
Distilled water 1000 ml 
A.1.3. Nutrient Agar
Nutrient Agar 28 g 
Distilled water 1000 ml 
A. 1.4. Mueller Hinton Agar
Mueller Hinton Agar 38g 
Distilled water 1000 ml 
A. 1.5. Mueller Hinton Agar with 0.4% Agar 
Mueller Hinton Broth 1.05g 
Bacteriological Agar 0.2g 
Distilled water 50g 
A. 1.6. Mueller Hinton Agar (BMHA) plates with 5 % (v/v) blood 
Mueller Hinton Agar Base 38g 
Sheep blood Defibrinated 50 ml 
Distilled water 950 ml
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A. 1.7. Columbia Agar base (5% sterile defibrinated blood)
Columbia Agar base 19.5g 
Defibrinated blood 5 %
Distilled water 500 ml 
A. 1.8.Luria-Bertani (LB) agar 
Tryptone 2g 
Yeast extract Ig 
Sodium chloride 2g 
Agar 3g
Distilled water 200ml
A. 1.9. Maximum Recovery Diluent (MRD)
MRD was carried out by adding 0.1 % (w/v) Bacteriological peptone and
0.85 % (w/v) Nutrient Chloride (Nad) in RO water and sterilized by 
Aforementioned
autoclaving.
A. 1.10. LB Broth
Tryptone 2g
Yeast extract Ig
Sodium chloride 2g
Distilled water 200ml
A.1.11 mCCDA
mCCDA agar base 22.75 g
Distilled water 500 ml
After sterilization, mCCDA supplement (Cat 6053) that has previously reconstituted in
2 ml distilled water was added to the warm (45-50DC) media.
A. 1.12.Incomplete Media
Dulbecco’s modified Eagle’s medium 445 ml
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10% normal calf serum 50 ml 
1% L-glutamine (Invitrogen) 5 ml 
The media was filter-sterilized through a 0.22-pm filter 
A.2 .Chemical
A.2.1. Manganese sulphate FW 169 g 
A.2.1.1. Concentration 100 pM Stock 
MnS04 169 g 
Distilled water 1000 ml 
A.2.2. Manganese Chloride FW 125.84 g 
A.2.2.1. Concentration lOOpM Stock 
Mncl2 1.258 g 
Distilled water 100 ml 
A.2.3. Max Recovery Diluent (MRD)
Bacteriological Peptone 0.1 g 
Sodium Chloride 0, 85 g 
Distilled water 100 ml 
A.2.4. Znic chloride FW 136.315 g 
A.2.4.1. Concentration IM Stock 
ZnC12 1.363 g 
Distilled water 10 ml
A.2.5. Chloroform and isoamylalcohol
To make 100 ml volume, 96 ml chloroform and 4 ml isoamylalcohol made up to 
100 ml with distilled water.
A.2.6 1% agarose
To make 200 ml volume, 1 g agarose was weighed and added with 200 ml 0.5X
TBE.
A.2.7. 1% Triton-X 
Triton-X-100 1 ml
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Distilled water 99 ml 
A 3 Buffer
A.3.1. Potassium Phosphate Buffer IM (PPB) pH 6.0
1 M Dipotassium hydrogen phosphate (K2HP04) 13.2 ml
1 M Potassium dihydrogen phosphate (KH2P04) 86.8 ml
The buffer was sterilised by using 0.22 pm Millex GP filter and pH measured using the 
Orion model 410A pH meter.
A.3.2. Potassium phosphate buffer (PBS)
One tablet was dissolved in 200 ml of distilled water (0.01 M phosphate buffer, 0.0027 M 
potassium chloride and 0.137 M sodium chloride, pH 7.4, at 25°C) and filter sterilised with 
0.22 pm filter.
A.3.2. lOX TBE Buffer
To make 1 liter of lOX TBE buffer, 108 g Tris Base, 55 g boric acid, 20 ml 0.5M EDTA 
were added with distilled water and volume adjusted to 1 liter.
A.3.3.Tris-EDTA (TE) buffer
To make 50 ml volume, 0.5 ml Tris-HCL 10 mmol (pH 8) and 0.1 ml EDTA mmol (pH 8) 
was added to 49.4 ml distilled water.
A.3.4.C. jejuni wash buffer
9 g sucrose and 15 ml glycerol and distilled water added to make 100 ml.
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